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Abstract 
Aluminum multi-port microchannel tubes are currently utilized in automotive air conditioners for 
refrigerant condensation.  Recent research activities are directed toward developing other air conditioning and 
refrigeration systems with microchannel condensers and evaporators. Three parameters are necessary to analyze a 
heat exchanger performance: heat transfer, pressure drop, and void fraction.  The purpose of this investigation is the 
experimental investigation of void fraction and frictional pressure drop in microchannels. A flow visualization 
analysis is another important goal for two-phase flow behavior understanding and experimental analysis. 
Experiments were performed with a 6-port and a 14-port microchannel with hydraulic diameters of 1.54 mm and 
1.02 mm, respectively. Mass fluxes from 50 to 300 kg/s.m2 (range of most typical automotive applications) are 
operated, with quality ranging from 0% to 100% for two-phase flow experiments. R410A, R134a, and air-water 
mixtures are used as primary fluids. The results from the flow visualization studies indicate that several flow 
configurations may exist in multi-port microchannel tubes at the same time while constant mass flux and quality 
flow conditions are maintained. Flow mapping of the fluid regimes is accomplished by developing functions that 
describe the fraction of time or the probability that the fluid exists in an observed flow configuration. Experimental 
analysis and flow observations suggest that pressure drop and void fraction in microchannel is dependent on the 
most probable flow regime at which the two-phase mixture is flowing. In general, correlations for void fraction and 
pressure drop predictions are based in a separated flow model and do not predict the experimental results in the 
range of conditions investigated. A flow regime based model is developed for pressure drop and void fraction 
predictions in microchannels. 
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Chapter 1. Introduction 
1.1. Microchannel Heat Exchangers 
Extruded aluminum multi-port microchannels is a technology that has increased the heat transfer and 
performance of condensers for air-conditioning systems in vehicles. Industries are actively investigating the use of 
microchannel tubes for many other heat transfer applications in refrigerators, and household air conditioning. Figure 
1.1 shows a schematic of a compact heat exchanger. Its components include the manifolds, the fins, and the 
aluminum microchannels. 
 
Figure 1.1: Schematic Drawing of a Microchannel Heat Exchanger Air Flows through the Fins, Perpendicular to 
the Microchannels  
The aluminum microchannel is a flat multi-port tube, with hydraulic diameters ranging from 0.5 mm to 
2 mm. It should be addressed that in other applications, the prefix “micro-” describes sizes in the order of 
micrometers (mm). The extrusion technology has made possible the manufacture of multi-port microchannel tubes 
with diameters that falls in that range and even smaller.  
The advantages that microchannels bring to the overall performance of the heat exchanger include the 
reduction of the air-side pressure drop, improvement of the heat transfer, and the reduction of the refrigerant charge. 
The flat shape of the microchannel reduces the power necessary to move the air through the heat exchanger (air-side 
pressure drop), compared to round-tube heat exchangers. Decreasing the hydraulic diameter of the microchannel 
tube and increasing the number of ports, increases the local heat transfer coefficients, and therefore decreases the 
size of the heat exchanger (less tubing is necessary for a specific heat load). Decreasing the hydraulic diameter also 
decreases the quantity of refrigerant necessary in the system (reducing the environmental impact caused by the 
refrigerant). One of the disadvantages that emerge from the reduction of the hydraulic diameter is that pressure drop 
in the refrigerant side of the heat exchanger increases. 
1.2. Parameters of Heat Exchanger Design 
In general, when a heat exchanger is designed, three important aspects of refrigerants are evaluated: heat 
transfer, pressure drop, and void fraction. 
The thermal performance of a heat exchanger depends on the size and the geometry of the heat transfer 
surface area. The material of the surface area, the thermophysical properties of the working fluids, and their flow 
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rates are dominant factors determining the overall heat transfer coefficient. Higher heat transfer coefficients require 
less tubing (and therefore, less material) to achieve a specific rate of heat transferred. 
Pressure drop is also a function of the size and geometry of the heat exchanger, as well as the other 
parameters mentioned. Heat exchanger designers try to minimize pressure drop in the heat exchanger, because it is 
directly related to pumping power, and therefore to energy costs.  
For heat transfer processes where two-phase flow is involved, the void fraction is an important parameter. 
Void fraction a, or the area-average gas fraction, is the ratio between the area occupied by the vapor (Avapor) and the 
cross-sectional area of the tube (Atube). 
When integrated to over a length of tube, the refrigerant charge (i.e. quantity of refrigerant) can be 
calculated.  
1.3. Objectives of this Study 
The goals of this study are the experimental investigation of pressure drop and void fraction in aluminum 
microchannels using a wide range of fluid properties, and a description of the two-phase flow through the multi-port 
tubes with a flow visualization analysis.  
An investigation of void fraction in conjunction with pressure drop measurements will have two valuable 
results.  First, the information will allow determination of microchannel tube refrigerant charge requirements.  
Second, collecting void fraction and pressure drop simultaneously is empirically equivalent to solving the mass 
continuity and momentum relations for the flow. 
The experimental investigation will be assisted with a description and analysis of two-phase flow through a 
transparent microchannel. This information allows the determination of probable and improbable flow 
configurations, and a better understanding of the experimental results. 
Both the experimental and qualitative approach will provide the basis for building physical fluid models 
that predict the behavior of two-phase flow through microchannels. 
1.4. Methodology 
In order to accomplish the objectives, experiments with two aluminum and one transparent multi-port 
microchannel are performed with different refrigerants, in order to generate a wide range of flow conditions through 
the microchannel test section. 
1.4.1. Microchannel Geometry 
Two multi-port aluminum microchannel tubes are used for two-phase flow experimental analysis. Figure 
1.2 shows the profile of the microchannel tubes. The 6-port microchannel has a hydraulic diameter of 1.54±0.02 mm 
and a cross-sectional area of 16.7±0.1 mm2 . The 14-port microchannel has a hydraulic diameter and a cross-
sectional area of 1.02±0.01 mm and 15.0±0.1 mm2, respectively.  
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a) 6-port 
 
b) 14-port 
Figure 1.2: Profiles of the Multi-port Aluminum Microchannels Used in the Present Study 
The dimensions of the microchannel were measured using digital image processing. This method analyzes 
a digital image of a polished cross-section area of the microchannel, and basically counts pixels of the area of each 
channel. 
1.4.2. Fluid Property Range 
In order to have a better understanding of the flow mechanisms that affect pressure drop and void fraction, 
a wide range of fluid properties is chosen to provide different vapor-liquid configurations. Figure 1.3 shows the 
liquid and vapor densities of all refrigerants of interest. 
1
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Figure 1.3: Vapor Density vs. Liquid Density of a Wide Range of Fluids 
The present study uses three different fluids for two-phase flow experiments: R134a, R410A, and air-water 
mixtures. HFC-134a or R134a, a medium pressure refrigerant used as a replacement for CFC-12, has a liquid to 
vapor density of approximately 1000 to 20 at 10°C. The azeotropic mixture of HFC-32 and HFC-125 (50/50) is 
refrigerant R410A, a high-pressure refrigerant blend used as a replacement of HCFC-22. R410A has a liquid to 
vapor density ratio of approximately 1000 to 40 at 10°C. In contrast, air-water mixtures have a liquid to vapor 
density ratio of approximately 1000 to 2 at room temperature and at pressure of 170 kPa. 
A posterior study of void fraction and pressure drop of microchannels includes R245fa (evaluated as a 
potential replacement of the foam blowing agent HCFC-141b, and other HCFCs used in refrigeration), carbon 
dioxide (CO2), and ammonia (NH3) to cover the whole range of fluids shown in Figure 1.2. Some of the 
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thermophysical properties of relevant refrigerants are shown in Table 1.1. The results of this study with R410A, 
R134a, and air-water mixtures will assist to the evaluation of the characteristic of refrigerants R245fa, CO2, and 
NH3. 
Table 1.1: Thermophysical Properties of Common refrigerant 
Fluid R717 Ammonia 
R744 
CO2 
R410A 
HFC-32/HFC-125 
R134a 
HFC-134a 
R245fa 
HFC-245fa 
Molecular Formula NH3 CO2 CH2F2/CHF2CF3 CH2FCF3 CF3CH2CHF2 
Molecular Weight 17 44 73 102 134 
Critical Pressure [kPa] 11333 7377 4950 4067 3634 
Critical Temperature [K] 405.4 304.1 345.3 374.2 427.2 
Heat of Vaporization† [kJ/kg] 246.6 197.1 209.9 190.7 199.4 
Liquid Density† [kg/m3] 625 861 1133 1261 1378 
Vapor Density† [kg/m3]  4.9 135.2 41.9 20.2 4.9 
Liquid Dynamic Viscosity† [mPa.s] 169 86 147 238 498 
Vapor Dynamic Viscosity† [mPa.s] 9.8 16.0 12.6 11.1 9.8 
Surface Tension†† [x10-3 N/m] 24.6 2.7 7.8 10.1 16.0 
Ozone Depletion Potential 0 0 0 0 0 
Global Warming Potential 0 1 - 1600 950 
Values extracted from “Thermodynamic and Transport Properties of Refrigerants and Refrigerant  
Mixtures”, NIST Standard Reference Database 23, Version 6.01. 
† Values at 10°C. Density of water and air is 999 kg/m3 and 2.2 kg/m3, respectively.  Dynamic viscosity 
of water and air is 1307 mPa.s and 17.8 mPa.s, respectively.   
†† Compared with the surface tension of air-water: 72.7x10-3 N/m approx. (assumed surface tension air-
water and steam-water the same). 
 
1.4.3. Experimental Facility 
Figure 1.4 is a schematic of the microchannel test facility for experimental investigation of void fraction, 
pressure drop, and flow visualization. Payne et al. [1] explained in detail the components of the experimental facility 
for pressure drop and void fraction measurements.  
The major components of the system are the high and low temperature refrigerant tanks, pressure 
transducers, thermocouples, mass flow sensors, the transition pieces, and the microchannel test section. 
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a) Before the Test Section 
 
b) Microchannel Test Section 
   
c) After the Test Section 
Figure 1.4: Schematic Drawing of the Experimental Facility used for Pressure Drop, Void Fraction, and Flow 
Visualization in Microchannels  
The refrigerant flows as a “once-through” process with vapor and liquid flowing separately out of a heated 
reservoir tank (high pressure tank). Heat is added to the saturated vapor flow with an electric resistance heater to 
superheat the stream. Sub-cooled liquid is achieved by removing heat from the saturated liquid in a heat exchanger 
with chilled water. After single -phase temperature, pressure, and mass flow rate are measured for each flow, the sub-
cooled liquid and the superheated vapor streams are mixed. Conditioning valves are used to control the streams of 
both flows and set the desired quality and mass flux.  
The two-phase blend moves to the microchannel test section. Transition pieces are used to provide 
connection between the microchannel and the round copper tube of the flow system. The mixture finally reaches the 
cooled reservoir (low pressure tank) after passing the test section.  A conditioning valve at the end of the test section 
is used to set the saturation temperature/pressure of the test section. 
The experimental facility allows flow visualization, void fraction and pressure drop in microchannels with 
the listed refrigerants, in the range of flow conditions of interest: mass fluxes ranging from 50 kg/s.m2 to 300 
kg/s.m2, and all ranges of qualities (0% to 100%). All tests are performed under adiabatic conditions, and in a 
horizontal orientation.  
Mass fluxes between 50 kg/s.m2 and 350 kg/s.m2 are typical for most of the automotive applications using 
microchannels. Few applications uses mass fluxes as high as 750 kg/s.m2. However, these ranges are low compared 
with mass fluxes of other air-conditioning appliances (household heating and air-conditioning, etc.)  
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Two mass flowmeters are used to measure independently gas and liquid mass flow. The nominal flow 
range of both flow measurements is from 0-0.022 kg/s with an accuracy of ±0.10% for the liquid flow rate, and 
±0.5% for the gas flow rate. Measurement of the absolute pressures is achieved with differential transducers ranging 
from 0-2068 kPa, and an accuracy of ±0.25% full scale, and a barometric pressure with a precision of ±0.3%. 
Temperature measurements are carried out with type T thermocouples with an accuracy of 0.25°C. Density of gases 
and liquids are found with a computer program where thermodynamic properties are obtained from a built-in 
function call in terms of any other properties. The precision of the quality property is found with a propagation error 
analysis. It is  found that the error decreases (i.e. precision increases) when the quality increases. The error 
propagation analysis gives the following precision for the quality: x ± 0.003x-1.193. For qualities higher than 40%, the 
error is less than 1%. Error ranging from 1-4% is found for qualities between 10%-40%. 
Flow visualization, pressure drop or void fraction measurements are performed when a particular flow 
condition of the refrigerant is set in the test facility (i.e. a desired quality and mass flux condition is set in the 
microchannel test section). 
1.4.3.1. Flow Visualization 
A transparent microchannel test section is constructed for flow visualization analysis with similar 
dimensions of the 6-port aluminum microchannel. The transparent test section also has six ports and is made of clear 
PVC. The hydraulic diameter of each port is 1.58±0.06 mm, and the total cross-section area of the transparent multi-
port microchannel is 17±1.2 mm2.  
The refrigerant two-phase flow goes through the transparent microchannel test section where the flow is 
photographed, as shown in the diagram of Figure 1.5. 
The two-phase mixture arrives at the inlet of the transparent test section. The inlet is a cavity where a 
screen is located in order to homogenize the two-phase flow before it  enters the channels. Subsequently, the mixture 
goes though the parallel channels of the test section. Observations with and without the screen are performed to 
study the effects of the inlet configuration in the flow distribution. 
 
Figure 1.5: Transparent Microchannel Test Section and Arrangement for Flow Visualization 
Flows of refrigerant R134a, R410A and air-water mixtures are recorded with a digital camera for the range 
of conditions desired. The camera captures 30 images per second, and the photographs are extracted from the film 
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with digital video and image editing software. A strobe light is used at a frequency of 4900Hz in order to “freeze” 
the flow (Figure 1.5). 
1.4.3.2. Void Fraction Measurements 
For void fraction measurements, the microchannel tube is located in a refrigerant “trapping system”. When 
a particular flow condition of the refrigerant is set in the experimental facility, the two-phase fluid is trapped in the 
microchannel by sealing the ports at the two ends of the test section. 
The refrigerant trapping system is shown in Figure 1.6. It is composed of two pneumatic cylinders that 
move lever mechanisms with blades that seal the microchannel. The sealed microchannel tube with the refrigerant 
inside is removed from the experimental facility and weighed to determine its refrigerant mass. 
 
Figure 1.6:Microchannel Test Section and Refrigerant Trapping System 
A static quality is calculated with the refrigerant mass trapped in the microchannel and the volume of the 
microchannel tube. The average void fraction of the mixture is calculated from the static quality with Equations 
described in Chapter 3. 
The accuracy of the balance is ±0.008g, giving an uncertainty for void fraction calculations of less than 
±0.7% if the microchannel is perfectly sealed. 
1.4.3.3. Pressure Drop Measurements 
For pressure drop measurements, the arrangement shown in Figure 1.7 is utilized with the microchannel 
test section.  
 
Figure 1.7: Microchannel Test Section and Pressure Drop Measurement Arrangement 
The transition blocks are designed to allow pressure measurement, and to provide connection between the 
microchannel tube and the round copper tube of the experimental facility. Details of the transition block design are 
found in Payne et al. (2000). 
Pressure drop is measured with a differential pressure transducer with a range of 0-220kPa and an accuracy 
of ±0.25%. 
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1.5. Organization of this Document 
The present study, on two-phase flow in microchannels, is divided in five main sections. Chapter 2 will 
describe two-phase flow in multi-port microchannels, and Chapter 3 will analyze void fraction. The frictional 
pressure drop will be analyzed in two chapters: Chapter 3 will deal with the theory and analysis of single-phase 
pressure drop to set the limits for Chapter 4, in which two-phase drop will be analyzed. Each chapter explains the 
relevant literature of each topic, analysis of the experimental results, and comparison of the experimental results to 
previous studies. The conclusions will put together all the information of the previous sections in order to propose a 
model for void fraction and pressure drop predictions.   
1.6. Bibliography 
Payne, W. T., Niño, V. G., Hrnjak, P. S., and Newell, T. A., “Void Fraction and Pressure Drop in Microchannels”, 
ACRC TR-178, Air Conditioning and Refrigeration Center, University of Illinois at Urbana-Champaign, 2000. 
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Chapter 2. Flow Visualization Analysis 
Results are presented from a flow visualization investigation of a multi-port microchannel tube using 
R134a, R410A, and air-water mixtures. The study covers mass fluxes from 50 to 300 kg/s.m2 and qualities ranging 
from 10% to 90% with a transparent 6-port microchannel tube with a hydraulic diameter of 1.58 mm under adiabatic 
conditions. The results from the flow visualization studies indicate that several flow configurations may exist in 
multi-port microchannel tubes at the same time while constant mass flux and quality flow conditions are maintained. 
Based on these observations, development of a typical flow regime map does not appear to be an appropriate manner 
for describing the flow field if the flow conditions for each port are not known. Flow mapping of the fluid regimes 
in this multi-port microchannel is accomplished by developing functions that describe the fraction of time or the 
probability that the fluid exists in an observed flow configuration. The manifold configuration does not affect the 
overall form of the fractional time functions, but it does affect the distribution of flow between the channels.  
2.1. Introduction 
In the refrigerant side of a heat exchanger, interaction between liquid and vapor phases of the refrigerant 
affect pressure drop, void fraction, and heat transfer behavior. The level of those interactions, which depends on the 
velocities of both liquid and vapor phases and the quality of the mixture, develops a particular flow pattern. 
Different flow visualization techniques are used to qualitatively describe pattern mechanisms in two -phase 
flows for different conditions. The flow patterns have direct effect on the pressure drop and heat transfer 
characteristics of the fluid. Flow mapping is a common technique to show regions in a two-axis coordinate system, 
in which an observed flow pattern occurs. One common flow map technique uses the superficial velocities of the 
vapor and the liquid phases for the coordinate axes. Another flow mapping technique uses mass flux and quality for 
the coordinate axes. 
Several investigations have studied two-phase flow patterns in horizontal and vertical tubes, in small and 
large tube diameters, covering a wide range of fluid and flow velocities, in both adiabatic and phase-change 
conditions. Flow pattern transition boundary models also have been developed. In some cases, they are subject of 
controversy, because observations of the occurrence of a change in the flow pattern are often quite qualitative, 
subject to personal interpretation of the flow field. But in general, flow field characteristics through single tubes are 
very well described in a wide range of sizes and flow conditions.  
There are few articles about flow configurations in two or more parallel tubes. The present study describes 
the flow in a parallel and horizontal array of small channels at adiabatic conditions. The description shows that 
different flow configurations can occur at a fixed flow condition for parallel small diameter tubes with a common 
entrance or manifold.  
This investigation presents a method used to describe flows in a multi-port microchannel, creating 
functions that describe the fraction of time or the probability that a flow pattern may exist in a particular flow 
condition. The study begins with a review of two-phase flow studies in small diameter horizontal tubes. A 
description of existing flow regimes, and an alternative method to describe flows in multi-port channels is explained 
in detail. An analysis of distribution of two-phase between channels is performed, modifying manifold inlet 
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configuration. A mathematical approach of the functions is suggested for description of flow patterns in multi-port 
microchannels. 
2.2. Literature Review 
Several investigations have been focused in the description of the flow in small tubes (tubes with diameters 
less than 5 mm) to learn about the mechanisms that affect heat transfer and pressure drop. Observations have been 
compared with flow maps developed for large tubes. One of the most representative flow maps for large tubes was 
created by Mandhane et al. (1974) with more than 5900 observations in horizontal tubes with diameters ranging 
from 12.7 mm to 165.1 mm. Taitel and Dukler (1976) and Weisman et al. (1979) developed theoretical models to 
determine flow regime transitions in two-phase flow for large tubes.  
One of the first experiments describing flow pattern behavior in small channels was performed by Barnea 
et al. (1983) at adiabatic conditions. They described flows of air-water mixtures in horizontal and vertical circular 
tubes with diameters in the range from 4 to 12.5 mm. They compared their results to maps developed by Mandhane 
et al. (1974) and transition models of Taitel and Dukler (1976) showing good agreement, with the exception of the 
transition line from stratified to non-stratified pattern for their small tube observations.  They concluded that this 
deviation may be due to surface tension effects, and modified the large tube transition models to include this 
parameter. 
Damianides and Westwater (1988) studied flows of air-water mixtures in horizontal circular tubes with 
diameters ranging from 1 to 5 mm. Their principal observation is the reduction of the range of flow conditions in 
which stratified flow regime occurs as tube decreases. Stratified flow was completely suppressed in experiments 
with the 1 mm diameter tube. They developed independent flow maps for each tube diameter using superficial 
velocities of vapor and liquid. 
Fukano et al. (1989) observed two-phase flow in capillary tubes with diameters ranging from 1 to 4.9 mm 
using air-water mixtures. Their observations did not agree with the flow map proposed by Mandhane et al. (1974). 
Good agreement was found with flow regime transitions models of Barnea et al. (1983).  
Triplett et al. (1999) investigated two-phase flow in capillary tubes with 1.1 and 1.45 mm inner diameters, 
and semi-triangular channels with hydraulic diameters of 1.09 and 1.49 mm. Air-water mixtures were used to 
perform their experiments. They compared their results to available flow maps for large tubes and flow regime 
transition models. Overall, their observations were in poor agreement with studies based in large tubes. They did not 
observe stratified flow in their experiments. 
Coleman and Garimella (1999) analyzed the effect of the tube diameter and cross-section shape on flow 
regime transitions for small tubes. They investigated circular tubes with diameters ranging from 5.50 to 1.30 mm, 
and compared a rectangular and a circular tube with similar hydraulic diameters. They used air-water mixtures for 
their observations. They conclude that pipe diameter and surface tension are very important parameters that affect 
the determination of flow pattern and transitions. They suggest that the surface tension forces in small diameter 
tubes suppress the stratified regime, and increase the region where intermittent flow (plug and slug flow) occurs. 
Yang and Shieh (2001) investigated flow patterns for refrigerant R134a and air-water mixtures in tubes 
with diameters ranging from 1 to 3 mm at adiabatic conditions. Air-water results were in good agreement with 
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previous small channel studies. However, differences in flow regime transition are found with R134a results. They 
observed that the transition from slug to annular flow occurs earlier for air-water mixtures, and conclude that surface 
tension is an important parameter that affects flow regime transitions. 
All the above investigations have analyzed two-phase flow with no addition of heat flux. Coleman and 
Garimella (2000a) described two-phase flow during condensation of R134a in small diameter horizontal tubes 
ranging from 1 mm to 4.91 mm. They developed flow regime maps for their data points, and compared their work to 
previous studies of small tubes at adiabatic conditions. They concluded that it is necessary to define an additional 
flow regime, the wavy flow regime, to point out different wavy structures that occur in condensing flows. In 
condensation, a coating of liquid is wetting the perimeter of the tube for most of the flow conditions. These flows 
would belong to the annular flow regime in a study based in adiabatic conditions.  
On the other hand, Kandlikar (2002) summarized two-phase flow investigations for evaporation in small-
diameter passages used in compact evaporators. This review was complemented with experimental results obtained 
for water evaporating in multi-channel passages of 1 mm hydraulic diameter. He stated that the effects of 
evaporation are significant in flow pattern transitions for small channels at high mass fluxes. It is necessary to 
mention that for large tube analysis, models of two-phase flow transitions at adiabatic conditions could be extended 
to evaporating flow, because the effect of evaporation in large tube flow transitions is negligible. He concluded that 
three flow patterns are usually observed during evaporation in small channels: isolated bubble, confined bubble or 
plug/slug, and annular.  
Hetsroni et al. (2001) investigated two-phase flow in parallel microchannels with evaporating water. Their 
work was focused on thermal control of electronic devices, and experiments were performed with triangular 
channels of 0.129 and 0.103 mm hydraulic diameter. Modules of 21 and 26 parallel channels fed by a common 
manifold were constructed. The modules had two manifold configurations, and two ways of heat flux distribution. 
They observed hydraulic instabilities in the parallel microchannels during flow boiling conditions, and two kind of 
periodic flow patterns in individual channels: periodic annular flow near the inlet, and periodic dry zones near the 
outlet. These instabilities caused irregularities in the temperature distribution. 
Kandlikar (2002) also observed and analyzed flow instabilities in multi-channel passages in his review of 
evaporation studies in small channels. Large pressure drop fluctuations in multi-channel evaporators and flow 
reversal in some of the channels were observed. The flow instabilities seemed to occur when small pressure losses 
exist in the upstream section of the multi-channels. 
2.3. Flow Regime Descriptions 
Several investigations have defined qualitatively flow regimes for adiabatic conditions, based in 
experiments using air-water mixtures. Coleman and Garimella (1999) described flow regimes for two-phase flow at 
adiabatic conditions with a high degree of specification, and their work is used in the present study to analyze flow 
behavior. In summary, they defined four flow regimes; all of them are subdivided in flow patterns (Figure 2.1 and 
Table 2.1). 
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Figure 2.1: Two-Phase Flow Regimes and its Flow Patterns (Direction of flow is from right to left) 
Table 2.1: Two-Phase Flow Regimes and its Flow Patterns 
Flow Regime Flow Patterns 
Stratified Flow · Stratified Smooth Flow · Stratified Wavy Flow 
Intermittent Flow · Elongated Bubble or Plug Flow · Slug Flow 
Annular Flow Regime 
· Wavy Annular or Pseudo-Slug Flow 
· Annular Flow 
· Annular Mist Flow 
Dispersed Flow Regime · Bubble Flow 
· Dispersed Bubble 
 
2.3.1. Stratified Flow Regime 
Flows in which liquid and vapor phases of a mixture are completely separated belong to the stratified flow 
regime (Figure 2.1a). For large diameter pipes (hydraulic diameter larger than 4 mm), this flow is usually found for 
low vapor and liquid velocities where liquid moves in the bottom of the pipe (sewer pipe behavior). Two flow 
patterns, the stratified (or stratified smooth) flow pattern and the wavy (or stratified wavy) flow pattern, are defined 
for this flow regime. The former has no fluctuations in the interface, while the latter is characterized by small waves 
in the interface when vapor velocities are increased. Those instabilities in the interface are due to interfacial velocity 
differentials (Kelvin-Helmholtz instability). A particular characteristic of channels smaller than 2 mm is that the 
stratified flow is not observed. (Damianides and Westwater, 1988, and Triplett et. al., 1999, among others). 
2.3.2. Intermittent Flow Regime 
Intermittent flow regime (Figure 2.1b) contains flows in which discontinuities in the liquid or gas flow 
occurs. It usually occurs at low mass fluxes and low qualities. Elongated bubble (plug) flow, and the slug flow are 
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the patterns found in this regime. Continuous vapor plugs flowing in the liquid are observed in the plug flow pattern. 
A thin layer of liquid separates the walls and the vapor plug. The plug stays uniform, although in its ends can exist 
some small instabilities. When the vapor flow is increased, the slug flow pattern is observed. This flow pattern is 
recognized when the front of a vapor plug breaks apart the liquid that is preceding it, and forms small bubbles. 
2.3.3. Annular Flow Regime 
In the annular flow regime (Figure 2.1c) the vapor and liquid phases are separated, but the vapor core 
travels in the middle of the tube, surrounded by layer of liquid that forms an annular ring. This flow regime usually 
occurs when the vapor has enough energy to move up the liquid phase, overcoming the gravity force. In this regime, 
three flow patterns are observed: the wavy-annular (or pseudo-slug) flow pattern, the annular flow pattern, and the 
annular mist flow pattern. The first one is characterized by waves in the liquid -vapor interface. In the second one, 
the interface between liquid and vapor is more stable. Small droplets in the gas core characterize the annular mist 
flow pattern. 
2.3.4. Dispersed Flow Regime 
The dispersed flow regime (Figure 2.1d) is recognized when small vapor bubbles are dispersed in a 
turbulent liquid phase. It is often seen at very high mass fluxes. Two flow patterns are distinguished: the bubble flow 
pattern, and the dispersed bubble (dispersed) flow. The former is found when the gas flow is laminar. Due to the 
turbulent behavior of the liquid, the bubbles do not have a consistent shape, and are small compared with the 
elongated bubble flow pattern of the intermittent flow regime. When the vapor mass flow is increased, the bubbles 
start to decrease and to disperse in the liquid flow. This characteristic is called dispersed bubble flow pattern. 
2.4. Multi-port Two-phase Flow Visualization 
Flows of R134a, R410A, and air-water mixtures are recorded with a digital camera (Figure 1.5) for a range 
of conditions that covers mass fluxes from 50 to 300 kg/s.m2 and qualities ranging from 10% to 90%.  
Representative pictures of flows for air-water mixtures, R134a, and R410A are shown from Figure 2.2 
through Figure 2.4. The quality and the mass flux variables are the horizontal and vertical axis of these “qualitative 
flow maps”, respectively.  
It should be addressed that the liquid to vapor density ratio is 1000 to 2 for air-water mixtures, 1000 to 20 
for R134a, and 1000 to 40 for air-water mixtures. As seen in the three diagrams of Figures 2.2 to Figure 2.4, the 
region where intermittent flow is seen in one or more channels (region demarked by the thick line) of the tube array 
increases when the liquid to vapor density ratio decreases (vapor density increases).  
A detailed flow visualization study is performed using several pictures for each flow condition (mass flux 
and quality). The analysis indicates that different ports of the tube can simultaneously have different flow 
configurations. It is apparent that transient variations cause an individual tube to vary its flow configuration while 
constant mass flux and quality flow conditions are maintained.  
Diverse studies of flow description, as explained in past sections, give a qualitative insight of the physical 
mechanisms that occur in two-phase flow. Typical flow regime maps are generated from observations in a singular 
tube. 
 
Figure 2.2: Qualitative Flow Map for a 6-port Microchannel with Air-Water mixtures (T=20°C) 
(Direction of the Flow is from Right to Left) 
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Figure 2.3: Qualitative Flow Map for a 6-port Microchannel with R134a (T=10°C) 
(Direction of the Flow is from Right to Left) 
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Figure 2.4: Qualitative Flow Map for a 6-port Microchannel with R410A (T=10°C) 
(Direction of the Flow is from Right to Left) 
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When an array of parallel channels is examined, these typical flow regime map descriptions do not appear 
to be appropriate to describe the flow field, unless independent measure of mass flow and quality are performed in 
each channel. The problem of describing flows in multi-port microchannels becomes more complex because of 
mechanisms of distribution in the inlet of the microchannel, which develop transient patterns in each port. 
As an alternative, “fractional time” functions are developed to map and describe the flow field in multi-port 
microchannels. These functions measure the probability or the fraction of time during which a certain flow pattern is 
seen in a particular flow condition. The example of Figure A.1.1 shows how to read and interpret the fractional time 
functions. 
Twenty video frames for each flow condition are examined in order to develop the functions. Each port is 
assigned a flow pattern description, giving a total of 120 observations per flow condition. The number of 
observations of a flow configuration divided by the total number of observations at a particular flow condition 
defines the value of the fractional time function. The sum of all the defined fractional time functions for each flow 
configuration is 1. 
Results of fractional time functions made with 15 pictures were compared to results of 20 pictures for each 
flow condition of R134a. Maximum uncertainties are shown in Table A.1.1, and the comparison is shown in Figure 
A.1.2. It is concluded that a sample of 20 pictures of each flow condition is sufficient to develop the fractional time 
functions. 
The categorizations used to describe the flow in each channel includes the flow regimes and their 
subdivisions defined by Coleman and Garimella (1999): 
1. Liquid flow 
2. Stratified flow (stratified smooth and stratified wavy flows) 
3. Intermittent flow (elongated bubble and slug flows) 
4. Annular flow (wavy annular, annular, and annular mist flows) 
5. Disperse flow (bubble and disperse bubble flows) 
6. Vapor flow 
Figure 2.5 to Figure 2.8 shows the fractional time functions (ft) of all regimes mentioned above for the 6-
port transparent channel, in the range of flow conditions established (mass fluxes from 50-300 kg/s.m2 and qualities 
from 10-90%). Stratified flow regime, and dispersed flow regime are not observed in the flows studied (i.e. 
fractional time functions for the stratified flow and the dispersed flow regime are exactly zero for the studied range).  
Fractional time functions of the flow patterns or subdivisions of the flow regimes are shown in Figure A.1.3 
to Figure A.1.5. The fractional time of a particular flow regime is the sum of the fractional time functions of all its 
flow patterns. 
As shown in Figure 2.5 to Figure 2.8, the fractional time functions depend on mass flux, quality, and fluid 
properties. It could be predicted that the fractional time functions will depend on the diameter of the channel. 
Coleman and Garimella (2000b) investigated the effects of tube miniaturization in the flow behavior.  With 
observations of R134a during condensation in small circular tubes (diameters ranging from 4.91 mm to 1 mm), they 
found that the region where they observe intermittent flow regime increases when the diameter of the tube 
decreases.  
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c)Air-water mixtures (T=20°C) 
Figure 2.5: Fractional Time Function for Liquid Flow 
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c)Air-water mixtures (T=20°C) 
Figure 2.6: Fractional Time Function for Vapor Flow 
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c)Air-water mixtures (T=20°C) 
Figure 2.7: Fractional Time Function for Intermittent Flow Regime 
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c)Air-water mixtures (T=20°C) 
Figure 2.8: Fractional Time Function for Annular Flow Regime 
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Figure 2.5 and Figure 2.6 shows the fractional time function of liquid flow and vapor flow, respectively. 
The behavior of the fractional time  function for liquid is essentially the same for R410A, R134a, and air-water 
mixtures. For vapor, the fractional time function increases when quality increases for the lower mass flux (50 
kg/s.m2). When mass flux increases, the range of conditions in which only vapor is observed in one or more 
channels reduces to lower qualities.    
The results of Figure 2.7 shows that the fractional time functions for the intermittent flow regime (plug and 
slug flow patterns) of each fluid moves to lower qualities, and decreases in area when mass flux increases. When the 
liquid to vapor density ratio decreases (moving from R410A to air-water mixtures in the figures) the intermittent 
flow region decreases, at constant mass flux. On the other hand, the functions for annular flow regime (wavy-
annular and annular flow patterns) increase with mass flux as shown in Figure 2.8. At high mass fluxes, the 
fractional time function is identically one for a wide range of the qualities (40% to 80%, approximately, for all 
fluids). 
The effect of the properties on fractional time function is easily shown in the same figures (Figures 2.5 to 
Figure 2.8). The range of conditions where intermittent flow regime is observed in one or more channels of the 
parallel array increases when the vapor density increases. The fraction of time in which intermittent flow is observed 
at low qualities also increases when vapor density increases. 
The fractional time function is a “measure” of the flow distribution through the multi-port channel. If the 
value of the fractional time function of a particular flow pattern is close to one, it can be concluded that there is an 
even distribution of that particular flow pattern through all channels. This is the case of the annular flow regime 
shown in Figure 2.8. It is concluded that for higher mass fluxes and qualities, annular flow regime is found in all the 
ports of the microchannel.    
In general, the fractional time functions for two-phase flow patterns are identically zero for qualities of 0% 
and 100%. The fractional time function is equal to one for vapor flow at quality of 100% (i.e. vapor flow is observed 
in all channels at 100% of quality), and for liquid flow at quality of 0%. 
2.5. Distribution of Two-phase Flow 
The influence of the configuration of the manifold at the entrance of the parallel array on fractional time 
functions was investigated. Flow visualization analysis was performed with a screen located at the inlet manifold of 
the transparent microchannel, in order to distribute differently the flow through the microchannels. In another 
experiment arrangement, the screen was taken out the manifold.  
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c) Intermittent Flow Regime 
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d) Annular Flow Regime 
Figure 2.9: Effect of the Manifold Configuration on Fractional Time Functions 
Left Hand Side: Screen in the Manifold, Right Hand Side: No Screen in the Manifold  
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Figure 2.9 shows the effect of modifying the manifold inlet on the fractional time functions. In general, 
there are not significant changes in the shape of the curves of the fractional time functions. The only difference is 
that fraction of time in which only vapor flow is observed at low qualities increases when there is no screen in the 
manifold. The screen at the inlet mixes vapor and liquid flows, promoting two -phase flow at the channels. 
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b) Annular Flow 
Figure 2.10: Distribution of Two-phase Flow through the Multi-port Microchannel 
Left Hand Side: Screen in the Manifold, Right Hand Side: No Screen in the Manifold 
(G=50 kg/s.m2) 
Analyzing the results port-by-port, there are significant changes of flow distribution between channels 
when the inlet manifold is modified. Figure 2.10 shows the distribution of two-phase flow through the channels of 
the multi-port transparent microchannel with the two different manifold arrangements (the distribution of only vapor 
and only liquid  are not shown in this section to avoid confusion, they could be found in Figure A.1.6).  
At 50kg/s.m2, for example, the distribution of two-phase flow or a “port-by-port” fractional time function 
(intermittent flow and annular flow) does not follow a general shape when quality is increased. It is concluded that 
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the distribution or two-phase flow between the channels follows an erratic behavior that depends on the manifold 
configuration. 
However, at high mass fluxes and high qualities, annular flow type behavior is equally distributed in all 
channels for both of the manifold arrangements. Figure 2.11 shows the distribution of the flow at mass flux equal 
300 kg/s.m2 for both manifold arrangements. It is observed in this case annular flow evenly distributed from 40% to 
80% of quality, and the distribution does not depend on the manifold configuration (Figure A.1.7 shows the 
distribution of only liquid and only vapor, which are identically zero for 300 kg/s.m2 and the selected qualities).   
2.6. Conclusions 
Results from a flow visualization analysis of a multi-port microchannel tube using R134a are presented in 
this study. The experiment was performed at adiabatic conditions. In the range studied (mass fluxes from 50-300 
kg/s.m2, and qualities ranging from 0 to 1), stratified flow regime, dispersed flow regime, and annular mist flow 
pattern of the annular flow regime are not observed. 
The results show that more than one flow pattern occurs in the ports, even though constant mass flux and 
quality are maintained. Therefore, conventional flow mapping cannot be used to characterize the flow configuration 
of a multi-port tube unless individual measurement of flow conditions (i.e. mass flux, and quality) is performed for 
each channel.  
An alternative method of flow mapping for multi-port tubes is accomplished by defining functions that 
predict the probability or the fraction of time at which a certain flow pattern is seen in the multi-port microchannel at 
a fixed flow condition. The functions are dependent on fluid properties, quality and mass flux. Also, the functions 
should depend on the diameter of the tube (parameter not varied in this study). 
Fractional time functions are helpful to understand the flow behavior in multi-port microchannels for given 
conditions, and give some insights of the distribution of the flow in the parallel array of channels. For example, 
refrigerant flow is evenly distributed throughout the ports for high mass flux and quality conditions when the 
annular flow is the dominant flow regime.  
The effects of the manifold configuration on fractional time functions were analyzed. In general, the 
manifold configuration does not affect the overall fractional time functions of the flow regimes, but modify the flow 
distribution of the flow regime port by port. 
 24 
0.0
0.1
0.2
0.3
0.4
1 2 3 4 5 6
port #
ft 
[-]
x=21%
x=42%
x=57%
x=73%
0.0
0.1
0.2
0.3
0.4
1 2 3 4 5 6
port #
ft 
[-]
x=20%
x=40%
x=60%
x=80%
 
a) Intermittent Flow 
0.0
0.1
0.2
0.3
0.4
1 2 3 4 5 6
port #
ft 
[-]
x=21%
x=42%
x=57%
x=73%
0.0
0.1
0.2
0.3
0.4
1 2 3 4 5 6
port #
ft 
[-]
x=20%
x=40%
x=60%
x=80%
 
                             
b) Annular Flow 
Figure 2.11: Distribution of Two-phase Flow through the Multi-port Microchannel 
Left Hand Side: Screen in the Manifold, Right Hand Side: No Screen in the Manifold 
(G=300 kg/s.m2) 
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Chapter 3. Void Fraction 
Void fraction characteristics are analyzed for rectangular multi-port microchannels tubes for refrigerant 
charge predictions. A 6-port and a 14-port microchannel, with hydraulic diameters of 1.54 mm and 1.02 mm, are 
examined over a range of two-phase flow conditions. Two refrigerants, R134a and R410A, are tested through the 
microchannels tubes with ranges of mass fluxes from 100 to 300 kg/s.m2, and over all qualities. Air-water mixtures 
are also investigated to analyze the effect of fluid properties. Void fraction is flow regime dependent in the range of 
conditions investigated. Void fraction results reveal a dependence of fluid properties, mass flux and hydraulic 
diameter. The homogenous model is suitable for void fraction predictions in the intermittent region, but fails to 
predict void fraction in conditions where annular flow is expected. A parameter that includes the Weber number, the 
Lockhart -Martinelli parameter, and the liquid-to-vapor density ratio characterizes the annular flow regime. A new 
correlation based on this parameter is proposed for void fraction prediction in the annular region. 
 
3.1. Introduction  
Void fraction is a parameter that is evaluated to calculate the charge or amount of refrigerant that exists in a 
section of the tube flowing at a certain mass flux and quality conditions. Void fraction, a, or the area-average gas 
fraction at a certain location of the tube is the ratio between the area occupied by the vapor (Av) and the cross-
sectional area of the tube (Atube). 
tube
v
A
A
=a  (3.1) 
If the void fraction function is correctly predicted, the refrigerant charge of the quantity of refrigerant, 
mfluid, of a particular tube length can be calculated by integrating the function along the tube of length L: 
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There are different ways to calculate void fraction from experimental measurements. For example, Tripplet 
et al. (1999) calculate an average void fraction from photographs of air-water mixtures flowing through a transparent 
tube. They measure the area that occupies the vapor in the tube, compared to the total tube area occupied in the 
picture.  
Wilson et al. (2001) describe another experiment for void fraction measurement of refrigerant flow. In this 
case, refrigerant is trapped by closing two valves located at each end of a test tube at adiabatic conditions. The 
weight of the refrigerant that is trapped will give the information for void fraction calculations (see Section 3.3).  
This investigation presents experimental results of void fraction in two aluminum multi-port microchannels 
with air-water mixtures, R134a, and R410A. A review of some two-phase flow void fraction studies is presented. 
Experimental results are analyzed, and compared with available correlations for void fraction predictions. The 
results show that void fraction is flow regime dependent at the conditions studied.  
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3.2. Literature Review 
In a particular location of a tube where two-phase flow is moving, void fraction measures the amount of 
area occupied by the vapor (Av), compared with the total cross-sectional area (Atube) of the tube.   
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Figure 3.1: Schematic of Two-phase Flow in a Tube 
If the quality at a certain the same location is defined as the fraction of mass flow rate of vapor out of the 
total mass flow rate, the quality in terms of void fraction is given by Equation 3.4. 
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Where x is the quality, m& is the mass flow rate, r is the density, and V is the velocity of either phase. It should be 
noticed that the velocity varies along the cross-sectional area of the tube. 
3.2.1. Homogeneous Flow Model 
The homogeneous void fraction model assumes that the vapor and liquid phases move at the same velocity. 
Solving for void fraction from Equations 3.3 and 3.4,  
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This model may be suitable for intermittent flow, in which the vapor bubbles move at the same velocity as 
the liquid. One of the evident conclusions of this model, is that the average density of the homogeneous mixture is: 
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3.2.2. Separated Flow Model 
This approximation assumes that the liquid and the vapor phases are separated into two streams flowing at 
different average velocities. Solving for the void fraction from Equation 3.3 and Equation 3.4, 
S
x
x
l
v
÷÷
ø
ö
çç
è
æ-
+
=
r
r
a
1
1
1
 (3.7) 
 28 
l
v
V
V
S =  (3.8) 
Where V denotes the average velocity of either phase. The vapor to liquid average velocity ratio is defined as the 
“slip” ratio (S). This model is most suitable for stratified and annular flow regions.  
3.2.2.1. Large Tube Correlations 
Many void fraction correlations based in the separated flow model have been developed performing 
experiments on large tubes. They can be classified in three categories (Rice, 1987): Slip-ratio correlated, Xtt 
(Lockhart-Martinelli parameter) correlated, and mass-flux dependent void fraction. 
Slip-Ratio-Correlated Void Fraction: Experimental studies were performed in order to correlate the slip 
ratio with relevant parameters of the flow.  
Zivi (1964) developed a relation for slip ratio based in the principle that for a steady-state process the rate 
of entropy generation is minimized. He modeled water-steam flow as an idealized two-phase annular flow assuming 
that the energy dissipated by wall friction is negligible, and the entrainment ratio is zero. Entrainment ratio for 
steam-water flows is defined as the fraction of the water flow rate in the form of droplets entrained in the steam. For 
a homogeneous mixture, the entrainment ratio is  one. Equation 3.9 shows the results of the analysis performed by 
Zivi (1964). 
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Ahrens (1983) rearranged air-water experimental results obtained by Thom (1964), and calculated the slip 
ratio in terms of a property index P.I.2:  
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The correlation is in tabular form shown in Table 3.1. Ahrens concluded that the slip ratio is only 
dependent of the saturation pressure of operation. 
In terms  of frictional pressure drop that will be studied in Chapter 3, P.I.2 is the ratio of the liquid frictional 
pressure drop to the vapor frictional pressure drop assuming a turbulent behavior of each phase, and flowing alone at 
the same mass flux of the mixture. 
Table 3.1: Slip Ratios S for Property Index Values P.I.2 (Ahrens, 1983) 
P.I.2 0.00116 0.0154 0.0375 0.0878 0.187 0.446 1.0 
S 6.45 2.48 1.92 1.57 1.35 1.15 1.00 
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Smith (1969) develops a relation assuming an annular flow regime with a liquid phase and a homogeneous 
mixture phase flowing with equal dynamic head ( 22 mixmixll VV rr = ). He defines a variable K  that represents the 
entrainment ratio. The correlation for slip ratio is given by Equation 3.11. 
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Choosing K=0.4, Smith found the correlation to give excellent results for void fraction prediction of 
experimental data for air-water and steam-water mixtures in both vertical and horizontal tubes.  
Levy (1960) gives a different approach for the development of void fraction models of steam-water 
mixtures.  Levy (1960) develops a model for annular flow assuming equal frictional pressure drop and equal head 
losses for both phases. His relation gives the quality of the mixture in terms of void fraction. 
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Xtt-Correlated Void Fraction: Some of the void fraction relations available in the literature are semi-
empirical functions of the Lockhart-Martinelli parameter, Xtt. Section 5.2.2 contains a detailed review of Xtt and its 
physical meaning.  
In summary, Lockhart and Martinelli (1949) develop certain parameters based in an separated flow model 
that are known to be a dominant factor in the prediction of pressure drop in two-phase annular flow. The Lockhart-
Martinelli parameter is given by Equation 3.13. 
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Studies made by Lockhart and Martinelli (1949), Baroczy (1965), Wallis (1969) and Domanski and Didion 
(1983) developed correlations using functions of Xtt for void fraction predictions.  
Lockhart and Martinelli (1949) performed experiments with air and various liquids including benzene, 
kerosene, water and oils. Baroczy (1965) used air-mercury and air-water mixtures in his experiments, developing a 
void fraction correlation in tabular form. Later, Butterworth (1975) demonstrates that void fraction correlations 
based in Xtt have the following form: 
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Butterworth (1975) reports C=0.28, m=0.64, n=0.36, and o=0.07 for the correlation developed by Lockhart 
and Martinelli (1949), and C=1, m=0.74, n=0.65, and o=0.13 for Baroczy (1965). 
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With the experimental results of Lockhart and Martinelli (1949), Wallis (1969) develops a correlation for 
void fraction predictions given by Equation 3.15a. Later, Domanski and Didion (1983) modified Wallis correlation 
for a range of Xtt higher than 10. 
( ) 378.08.01 -+= ttXa  Xtt£10 (3.15a) 
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Mass Flux Dependent Void Fraction: Some experimental and analytical studies conclude that void fraction 
is dependent on the mass flux as well as the properties of the two phases flowing through the pipe.  
Premoli et al. (1971) developed an empirical correlation for void fraction predictions in vertical channels, 
using a wide range of fluids and flow conditions. In this case, the slip ratio is a function of the Reynolds number and 
the Weber number. 
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The Reynolds number and Weber number are calculated using the superficial velocity of the liquid phase. 
(i.e. it is assumed that only liquid is flowing alone in the pipe). 
Tandon et al. (1985) improved the ideal model for horizontal flow proposed by Zivi (1964) including the 
energy dissipation due to wall friction. He uses Lockhart-Martinelli parameters to calculate frictional pressure drop 
for the annular flow model, and von Karman’s velocity profile to model the velocity distribution of the annular 
liquid ring. 
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Graham et al. (1999) performed experiments on horizontal smooth tubes with R134a and R410A during 
condensation and evaporation. They concluded that the Froude Rate (explained below) is sufficient to predict void 
fraction in his range of conditions. 
321.01
1
-
÷
ø
ö
ç
è
æ ++=
Ft
X tta  (3.18) 
2
1
2
23
)1( ÷
÷
ø
ö
çç
è
æ
-
=
xgD
Gx
Ft
vr
 (3.19) 
The Froude Rate is a parameter derived by Hurlburt and Newell (1997). It is the ratio of the vapor kinetic 
energy to the energy required to lift the liquid phase around the tube.  
3.2.2.2. Small Tube Correlations 
For small tubes, very limited work has been done to investigate void fraction. All the studies found in the 
literature have used air-liquid mixtures.  
Bao et al. (1994) made measurements of void fraction in smooth vertical and horizontal circular tubes with 
mixtures of air and liquids including water, water-glycerine, and kerosene. Their experiments used tube diameters 
ranging from 0.74 to 3.07 mm and Reynolds number ranging from 0.05 to 4000 for Re l, and 15 to 12000 for Rev. 
They conclude that both the Lockhart-Martinelli (1949) and Premoli et al. (1971) void fraction corre lations 
satisfactorily predict their experimental results over the whole range of conditions studied.  
Tripplett et al. (1999b) measured void fraction and pressure drop in transparent microchannels with air-
water mixtures. A circular and a triangular geometry were analyzed, whose hydraulic diameters range from 1.09 mm 
to 1.49 mm. Measurements were compared to existing correlations. They conclude that homogeneous void fraction 
provided the best prediction for the intermittent flow regime. For the annular flow region, the homogeneous and the 
other empirical correlations over-predicted void fraction. However, there do not suggest a relation for void fraction 
prediction.  
3.3. Experimental Results 
3.3.1. Flow Visualization Analysis  
A general description of void fraction behavior can be made from the representative pictures of flows of 
air-water, R134a, and R410A shown from Figure 2.2 to Figure 2.4. The pictures show qualitatively the volume of 
the vapor compared with the total volume of the multi-port tubes. It is observed that the flow regime is affected by 
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mass flux, quality, and liquid to vapor density ratio of the mixture. A preliminary conclusion is that void fraction 
will be affected by the flow regime, and therefore, by mass flux, quality, and densities ratio of the two-phase flow. 
From the flow visualization analysis of Chapter 2, the following observations should be considered for void 
fraction analysis: 
· Intermittent flow regime (slug flow and plug flow), annular flow regime (wavy annular flow and 
annular flow), only vapor, and only liquid are the flow configurations that are observed in the 
individual ports for the range studied (Chapter 2). 
· In general, the range of qualities at which intermittent flow exists in one or more channels 
decreases when mass flu xes increases. The size of the intermittent region is also dependent on the 
liquid to vapor density of the mixture (air-water mixtures where characterized for a very small 
intermittent region compared with refrigerants).  
· When quality and mass flux increases, observations show that two-phase flow distribution 
becomes uniform, promoting an annular configuration in all channels.  
 
3.3.2. Calculating Void Fraction 
A refrigerant trapping system, as explained earlier in section 1.4.3, is used for void fraction measurements. 
In summary, the refrigerant trapping system seals the ends of the microchannel tube, trapping refrigerant at a certain 
flow condition (mass flux and quality).  
The mass of trapped refrigerant (mtrap) is weighed. An average specific volume of the mixture (inverse of 
the average density of the mixture) is calculated with the information of the refrigerant weight and the volume of the 
tube. If vavg denotes the average specific volume of the mixture,  
trap
tube
avg m
LA
v =  (3.20) 
The fraction of vapor mass with respect of the total mass of refrigerant trapped is defined as the static 
quality, xst. 
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Where aavg is the average void fraction along the tube. Solving Equation 3.21 for void fraction, 
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The static quality is calculated with the information of the average specific volume of the mixture trapped:   
l
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v
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Where v denotes specific volume. The average void fraction along the tube is determined using Equation 
3.20 to Equation 3.23.  
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3.3.3. Results 
Figure 3.2 shows the void fraction results of the 6-port microchannel and Figure 3.3 shows the results for 
the 14-port microchannel.  
The shape of the curves suggests that void fraction follows a homogeneous behavior at low qualities and in 
a certain point changes his behavior. From flow visualization results, it is concluded that the homogeneous behavior 
at low qualities is associated to the intermittent flow regime. The change is associated to a transition to an evenly 
distributed annular flow regime. Therefore, void fraction is flow-regime dependent for the range considered.  
It should be addressed that the curves drawn in Figure 3.2 and Figure 3.3 are made to clarify the author’s 
interpretation of results. The inflection points of the curves are associated to a change from a homogeneous behavior 
to an annular behavior. However, the quality at which the inflection point occurs is not reported as an exact value for 
the hydraulic diameter, mass flux and fluid properties specified. In addition, the flow visualization analysis indicates 
that there is a range of qualities in which intermittent and annular flow regime coexist at a mass flux and fluid 
properties studied. For example, Table 3.2 summarizes the range of qualities where the transition from intermittent 
to annular flow occurs in the flow visualization results of Figure 2.7 and Figure 2.8. The range indicates that the 
fraction of time that intermittent flow regime is observed decreases from a maximum until is completely suppressed 
by the annular flow regime in all channels. 
Table 3.2: Range of Qualities at which Transition from Intermittent to Annular Flow Regime occurs in the 6-port 
Transparent Microchannel (Flow Visualization Results of Figure 2.7 and Figure 2.8) 
Fluid Mass Flux Range of Qualities 
Air-water 
G=100 kg/s.m 2 
G=200 kg/s.m 2 
G=300 kg/s.m 2 
x=0.07-0.40 
x=0.06-0.23 
x=0.06-0.23 
   
R134a 
G=100 kg/s.m 2 
G=200 kg/s.m 2 
G=300 kg/s.m 2 
x=0.12-0.60 
x=0.07-0.40 
x=0.07-0.25 
   
R410A 
G=100 kg/s.m 2 
G=200 kg/s.m 2 
G=300 kg/s.m 2 
x=0.35-0.80 
x=0.25-0.60 
x=0.15-0.50 
 
Table 3.2 is an estimative of the transition range for the 6-port aluminum microchannel. This study does not 
report transition ranges for the 14-port aluminum microchannel. The region in which intermittent region occurs is 
expected to increase, and the transition from intermittent to annular flow regime is expected to be at higher qualities 
when hydraulic diameter is decreased. Coleman and Garimella (2000) studied the effect of the hydraulic diameter in 
microchannels in a flow visualization analysis. They conducted experiments with tubes ranging from 1-4 mm 
diameter, and concluded that the intermittent region becomes larger as the tube hydraulic diameter decreases. Up to 
date, characteristic flow transition models for small channels have not been developed, nor a general model for flow 
transition predictions can be developed from this study. Chapter 6 will review different approaches to determine the 
transition region from intermittent to annular flow regime. 
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Figure 3.2: Void Fraction Results for the 6-port Microchannel 
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Figure 3.3. Void Fraction Results for 14-port Microchannel 
The homogenous void fraction is the upper limit of the void fraction results in Figure 3.2 and Figure 3.3. 
When void fraction decreases, it means that the quantity of refrigerant increases in the section of tube. Qualitatively, 
 35 
it does not agree with the representative pictures because at the intermittent flow regime the pictures seem to have 
less vapor area than a picture from the annular flow region. It should be addressed that the pictures do not show the 
information of the velocity of each phase, and the slip ratio in the case of annular flows. 
From a comparison between void fraction results for air-water mixtures and a refrigerant it is concluded 
that void fraction is dependent on fluid properties. It should be recalled that higher the vapor density, higher the 
intermittent flow region and wider the range of qualities void fraction behaves homogeneous.  
In the annular portion of the curves of Figure 3.2 and Figure 3.3, void fraction is dependent on mass flux 
and hydraulic diameter. Void fraction increases with mass flux at constant diameter, and decreases with diameter at 
constant mass flux. 
3.4. Analysis of Available Correlations 
Void fraction correlations were examined to look for the best equation that could predict void fraction data 
in the wide range of fluid and flow conditions. It should be recalled that the range of flow conditions studied are 
microchannel tubes of hydraulic diameters ranging from 1 and 1.6 mm, low mass flux range (50 to 300 kg/s.m2), 
using R134a, R410A, and air-water mixtures. At these conditions, the void fraction results are dependent on the flow 
regime at which the flow is moving. 
As seen in Section 3.3, the homogeneous model predict void fraction acceptably in the intermittent region, 
but over-predicts void fraction in the region where annular flow is observed. It is necessary to analyze available 
correlations to check which one is suitable to predict void fraction in the microchannels in the annular region. 
In general, void fraction in the annular region depends on mass flux. The effect of mass flux decreases 
when the vapor density decreases, as seen in air-water mixture results. Therefore, the relation that should be used for 
void fraction predictions is a mass flux dependent function. 
Correlations developed by Premoli et al. (1971), Tandom et al. (1985) and Graham et al. (1999) are mass 
flux dependent correlations. Figure 3.4 shows the behavior of mass flux dependent void fraction functions in the 
range studied. It is observed that extrapolating Premoli et al. (1971) and Tandom et al. (1985) to smaller diameters, 
and different flow conditions causes systematic errors in the prediction in the void fraction. The semi -empirical 
correlation developed by Graham (1999) keep the physics of the flow for the range of conditions of the present 
study. 
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Figure 3.4:Mass Flux Dependent Void fraction Correlations for Prediction of R134a in a 14-port Microchannel 
at Mass Fluxes Ranging from 100 to 300 kg/s.m2 
 
Figure 3.5 and Figure 3.6 shows an analysis of the correlation developed by Graham et al. (1999) for the 6-
port microchannel. In general, the correlation satisfactorily predicts void fraction of the microchannels in the annular 
region with both refrigerants (95% of predictions falls between -9% and 6% of margin of error for 6-port, and 
between –4% and 9% of margin of error for 14-port). However, the correlation over-predicts void fraction in 
microchannels for air-water mixtures (95% of predictions fall between the upper 11% and 23% of margin of error 
for 6-port, and between 7% and 29% for 14-port). Figure A.2.1 shows the same comparison for the 14-port 
microchannel.   
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Figure 3.5: Comparison of Experimental Results of 6-port Microchannel and Void Fraction Correlation 
Developed by Graham (1998) 
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Figure 3.6: Comparis on between Predicted and Measured Void Fraction for the 6-port Microchannel Using 
Correlation Developed by Graham (1998) 
The relation developed by Smith (1969) does an acceptable prediction of void fraction for air-water 
mixtures if the entrainment ratio is changed. The correlation satisfactorily predicts void fraction for both refrigerants 
even though the correlation is not mass flux dependent. A different entrainment ratio is used for refrigerant 
predictions. Table 3.3 shows the entrainment ratios used to fit the results of both refrigerants and air-water mixtures. 
Table 3.3: Entrainment Ratio for Void Fraction Predictions 
Fluid K 
Air-water 0.55 
Refrigerants  0.76 
 
Figure 3.7 and Figure 3.8 shows a comparison between the experimental results and predictions using the 
correlation developed by Smith (1969) with entrainment ratios specified in Table 3.2. In general, the correlation 
predicts 95% of the air-water results within an error that falls from –9% to 10% for both microchannels. Void 
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fraction predictions of refrigerant void fraction in both microchannels have a margin of error between –7% to 6%. 
Figure A.2.2 shows the graphs that were analyzed for the 14-port microchannel.  
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Figure 3.7: Comparison of Experimental Results of 6-port Microchannel and Void Fraction Correlation 
Developed by Smith (1969) 
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Figure 3.8: Comparison between Predicted and Measured Void Fraction for the 6-port microchannel Using 
Correlation Developed by Smith (1969) 
Smith (1969) developed his void fraction relation modeling the annular flow regime with a liquid phase 
surrounding a homogeneous mixture phase. He assumed an equal dynamic head between the liquid and the 
homogeneous mixture ( 22 mixmixll VV rr = ). 
He found the entrainment ratio K empirically from experimental results from three different sources. All 
experiments used boiling water, and air-water mixtures on tubes with diameters ranging from 6 mm to 32 mm, 
qualities ranging from 0 to 0.52, and mass fluxes ranging from 50 to 2050 kg/s.m2. He did not observed correlation 
between K and the diameter of the tube. 
Entrainment of liquid droplets in the vapor core is associated with the beginning of disturbance waves at 
the interface, and therefore, it is associated to the velocities of the phases. Go van et al. (1988) develop a correlation 
for the critical liquid film Reynolds number for the beginning of entrainment.  
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Following Equation 3.10, the beginning of entrainment in the annular flow regime occurs for Reynolds 
numbers of approximately of 370 for refrigerants, and approximately 3000 for air-water mixtures. For refrigerants is 
a reasonable number and most of the results have superficial liquid Reynolds number higher than 370. However, the 
value for air-water mixtures is very large compared with the range of superficial liquid Reynolds numbers of the 
studied range (20 to 300). It may be possible that the entrainment ratio depends on the diameter of the tube. The 
critical liquid film Reynolds number could decrease, promo ting an early entrainment of liquid in the vapor flow 
when the diameter of the tube is in the order of millimeters. 
3.5. Development of a New Correlation 
In summary, the homogeneous model predicts void fraction where the intermittent flow is the most 
probable flow regime. In the annular region, correlations developed by Smith (1969) and Graham et al. (1999) give a 
reasonable void fraction prediction.  
Smith (1969) predicts void fraction of R410A, R134a and air-water mixtures. However, the entrainment 
ratio (K ) of Equation 3.9 was selected in order to fit the experimental data of each fluid. There is not experimental 
evidence of the values that were chosen. In addition, void fraction in microchannels is mass flux dependent in the 
annular region, and the correlation developed by Smith do not account for the effect of mass flux. 
Graham et al. (1999) gives the best prediction of the experimental results using refrigerants. However, 
when the correlation is extrapolated to air-water mixtures, the correlation does not give a satisfactory prediction. 
Graham et al. (1999) is a mass flux dependent correlation based in the Froude Rate. The Froude Rate (Ft) is 
the ratio of vapor inertial power to the power that is necessary to lift the liquid phase around the tube. Recall ing 
Equations 3.13 and 3.14, 
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The Froude Rate parameter is known to characterize the physics of a liquid film around a perimeter of a 
tube when changes from a stratified flow regime to an annular flow regime (Hurlburt and Newell, 1997).  
However, experimental observations performed by Damianides and Westwater (1988), Triplett et. al. 
(1999a) and Coleman (1999) have demonstrated that stratified flow regime is suppressed in tubes smaller than 2 
mm. They concluded that surface tension forces lift the liquid around the tube walls promoting annular flow or 
intermittent flow in conditions where stratified flow would be expected. Therefore, the Froude rate is not suitable for 
characterizing two-phase flow in small channels. 
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The effect of surface tension was analyzed for void fraction predictions. For the analysis, the Weber 
number was used. The Weber number relates the inertial forces to surface tension forces. Choosing the vapor inertial 
force as a reference, 
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In this case, the Weber number is used to compare the vapor inertial force with the interfacial force that the 
vapor needs to break barriers of liquid and promote annular flow. 
The generic form of a correlation proposed for void fraction predictions is given by Equation 3.21. 
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The Lockhart-Martinelli parameter and the Weber number characterize the liquid film thickness of the 
annular flow regime in small channels (a detailed review of the Lockhart-Martinelli parameter is given in Section 
5.2.2). It is evident that there is a direct relation between the liquid film of the annular ring and void fraction. The 
liquid to vapor density ratio is a factor that is included to account the differences between diverse fluids.    
Figure 3.9 shows the void fraction experimental results compared with the Lockhart-Martinelli parameter 
(Xtt), and Figure 3.10 shows the effect of including the Weber number in the characterization of the annular flow. A 
value of m=1.3 is used for curve fitting. Comparing both graphs, the experimental results collapses air-water 
mixtures when Weber number is included.  
Figure 3.11 shows that the liquid to vapor density ratio collapses the results of the different two-phase 
mixtures. A value of n=0.9 is chosen for curve fitting. Chapter 5 will give a better understanding of the effect of 
density ratio in void fraction and pressure drop predictions. 
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Figure 3.9: Void Fraction vs. Lockhart-Martinelli Parameter 
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Figure 3.10: Void Fraction Results as a function of Xtt and We 
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Figure 3.11: Void Fraction Results as a function of Xtt, We and the Liquid to Vapor Density Ratio 
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Figure 3.12 and Figure 3.13 shows an analysis of the correlation developed in this  section for the 14-port 
microchannel (Figure 3.14 and Figure 3.15 shows the same analysis for the 6-port microchannel). The correlation 
for void fraction predictions is given by Equation 3.22. 
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The correlation successfully predicts void fraction of the microchannels in the annular region with both 
refrigerants and air-water mixtures (95% of all experimental results are predicted with an error between -11% and 
10% for the 14-port microchannel, and between –10% and 0% of for the 6-port microchannel).   
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Figure 3.12: Comparison of Experimental Results of 14-port Microchannel and Proposed Void Fraction 
Correlation 
 43 
0.0
0.3
0.6
0.9
1.2
0.0 0.3 0.6 0.9 1.2
alpha(Pred) [-]
al
ph
a(
E
xp
) 
[-
]
R134a
air-water
R410A
-10%
10%
 
Figure 3.13: Comparison between Predicted and Measured Void Fraction of the 14-port Microchannel using the 
Proposed Correlation 
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Figure 3.14: Comparison of Experimental Results of 6-port Microchannel and Proposed Void Fraction 
Correlation 
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Figure 3.15: Comparison between Predicted and Measured Void Fraction of the 14-port Microchannel using the 
Proposed Correlation 
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3.6. Conclusions 
Void fraction results reveal a dependence of mass flux and hydraulic diameter, indicating changes of flow 
regime in the range of mass fluxes analyzed. These results are demonstrated qualitatively by an analysis of results of 
Chapter 2, and with a detailed description of the void fraction results. The analysis shows that void fraction have one 
noticeable inflection points, demonstrating a possible change of flow configuration. 
Existing correlations are analyzed for microchannel void fraction predictions. The homogeneous model 
predict void fraction in the intermittent region. The mass flux dependent correlation developed by Graham (1998) is 
suitable for the annular region of the refrigerants, but over-predict void fraction of water. A correlation developed by 
Smith (1969) that is not mass flux dependent predict void fraction of both refrigerants and air-water mixtures if the 
entrainment ratio of the mixture is changed. 
It is concluded from analysis of experimental results that the Lockhart-Martinelli parameter and the Weber 
number characterize the annular flow regime in small channels. The parameters may affect the thickness of the 
liquid film of the annular configuration, and therefore, affect void fraction. A new correlation is proposed for void 
fraction predictions. The generic form is given by the following Equation: 
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The liquid to vapor density ratio is a factor that is included to compare in the same reference system a wide 
range of fluids. The Weber number is important for air-water mixtures, but does not have a significant effect on 
refrigerant void fraction predictions. 
Values used for curve fitting are m=1.3, n=0.9, and o=-0.06 to predict void fraction of two microchannels 
with hydraulic diameters of 1.02 mm and 1.54 mm, using R410A, R134a, and air-water mixtures with mass fluxes 
ranging from 100-300kg/s.m2. 
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Chapter 4. Single Phase Pressure Drop 
Single -phase pressure drop in multi-port, non-circular microchannels with hydraulic diameters of 1.02 mm, 
and 1.54 mm are analyzed in the present study. Two microchannels are tested with air, nitrogen, water, and 
refrigerants R134a, and R410A in vapor phase for single-phase flow experiments. Experimental data are reduced 
using the definition of hydraulic diameter, and a laminar equivalent diameter. Early transition to turbulent flow 
occurs in small tubes as experimental data suggest. Dynamic similarity is found in the microchannels for all the 
property range that covers this experiment. However, errors in the measurement of hydraulic diameter cause large 
errors in the prediction of friction factor. 
4.1. Introduction 
Single -phase pressure drop analysis in microchannels is necessary to characterize superheat and sub-cooled 
regions of a heat exchanger. This information is also valuable to compare small, non-circular tube flow behavior 
with larger tube behavior.  The purpose of this study is to present and analyze single-phase pressure drop data in 
microchannels tubes covering an extensive property range. A rectangular 6-port and a 14-port microchannel tube 
were tested, performing experiments with R410A vapor, R134a vapor, nitrogen, air, and water.  
The study begins with a review of single-phase pressure drop theory. Single -phase pressure drop data for 
nitrogen, air, water, and refrigerants R134a, and R410A in the vapor phase are presented and analyzed from a 
dynamic similarity standpoint. The subsequent analysis discusses high uncertainties in friction factor predictions due 
to errors in the diameter in small tubes. In addition, an analysis of compressibility is carried out for nitrogen at high 
flows through microchannels. 
4.2. Literature Review 
For single-phase flow, frictional pressure drop in tubes of any shape is defined in terms of the friction 
factor, 
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Where fD is the Darcy friction factor, and L is the length of the tube of diameter D. The term that includes 
the mass flux G, and the density r, is the kinetic energy of the fluid per unit of volume. Some investigators use the 
Fanning friction factor f, or a wall-shear-based friction factor to calculate the pressure drop, where fD=4f. 
The friction factor depends on the Reynolds number (Re),  and its behavior has been accurately investigated 
and correlated in the range that covers laminar, transition and turbulent flows. If m is the dynamic viscosity of the 
flow, 
m
GD
=Re  (4.2) 
4.2.1. Circular Tubes 
For laminar flow in circular pipes, where Re<2300, the friction factor is found by solving the Navier-
Stokes equation which yields the following classic equation. 
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Re
64
=Df  (4.3) 
For turbulent flows, surface roughness (e/D) becomes an important effect. Numerous correlations have 
been developed to predict friction factor in the turbulent region for circular pipes, where Re>2600. White (1999) and 
Fox and McDonald (1992) list numerous correlations developed for friction factor prediction in the turbulent region. 
For example, a correlation frequently used to find friction factor values for the turbulent region of smooth circular 
pipes is given by (Blausius Equation): 
25.0Re
316.0
=Df  (4.4) 
Churchill (1977) develops a clever correlation that combines the friction factor for the laminar, transition 
and turbulent flow regimes in circular pipes. 
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4.2.2. Non-circular Tubes 
For non-circular tubes, the calculation of frictional pressure drop becomes difficult because a definition of a 
length scale is necessary to compute the Reynolds number and the friction factor.  
A length scale for non-circular shapes that has been widely used is the hydraulic diameter, Dh. For a 
channel of cross-sectional area A, and wetted perimeter P , the hydraulic diameter is given by Equation 4.6.  
P
A
Dh
4
=  (4.6) 
Throughout the last century, numerous single-phase pressure drop experiments have shown differences 
between non-circular tube data and circular tube correlations if friction factor and Reynolds number are scaled with 
the hydraulic diameter, as reported by Jones (1976), and Obot (1988).  
In general, the friction factor in the laminar region for any geometry is given in Equation 4.7 if we use the 
hydraulic diameter to obtain the Reynolds number, Reh. 
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Kf (s) is a particular constant for a non-circular channel of aspect ratio s. It is clear that Kf (s) is equal to 64 
for circular tubes.  
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Shah and London (1978) performed experiments with channels of different geometries, and different aspect 
ratios. In their work, they developed empirical correlations of Kf (s) for the most common geometries. For instance, 
the function Kf (s) of a rectangular channels is: 
)2537.09564.07012.19467.13553.11(96)( 5432 ssssssK f -+-+-=  (4.8) 
In this case the friction factor, given by Equation 4.7, decreases when increasing the aspect ratio for the 
same Reynolds number if data is reduced with the hydraulic diameter. By this means, only a rectangular channel of 
aspect ratio 0.44, and a circular tube behave dynamically similar.   
On the other hand, other investigators believe the choice of using the hydraulic diameter as the length scale 
is incorrect, because it does not insure similarity between circular and all non-circular tubes.  
Obot (1988) makes an effort to resolve this controversy. Based in the theory of dynamic similarity, he 
reiterates that two channels that flow with the same Reynolds number will have the same friction factor regardless of 
the geometry and flow type. If an arbitrary length scale is chosen to reduce non-circular tube data, he suggests that 
both the friction factor and the Reynolds number need to be corrected to correlate the data with circular tube 
relations. Because of the unique quality of the critical point, he proposes a method, the Critical Friction Method, to 
match experimental non-circular tube data with circular tube relations by equating the critical friction factor and 
Reynolds number of both flows. He demonstrates that with the hydraulic diameter, the critical friction factor almost 
converges to a universal value (f=0.008) for all geometries, and only one correction is necessary to compensate the 
Reynolds number differences. 
An earlier work with rectangular tubes by Jones (1976) strengthen Obot’s analysis when he defines a 
“laminar equivalent diameter” to calculate the Reynolds number. The modified Reynolds number Re le is found so 
geometric similarity is preserved in the laminar region by the relation fD=64/Rele for all geometries. Using Equation 
4.3 and Equation 4.7 with this initiative, the laminar equivalent diameter Dle will be given by 
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Jones (1976) demonstrates that this diameter also maintains excellent similarity in the turbulent region for 
the rectangular tubes that he investigated. 
4.3. Experimental Results 
4.3.1. Nitrogen, Air and Water 
Nitrogen, water and air were used to measure single-phase pressure drop for both microchannel tubes. Mass 
fluxes used for these three fluids are shown in Table 4.1. For the gases, their ranges fall in the region where the gas 
is considered incompressible (Mach<0.2). 
Table 4.1: Mass Flux Ranges Used in the Experiment for Nitrogen, Air, and Water 
Fluid Mass Flux Range [kg/s.m2] Reynolds Number 
Range 
Nitrogen 5-140 240-8400 
Air 5-130 220-11100 
Water 40-1600 80-2800 
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Figure 4.1 illustrates experimental data reduced using the hydraulic diameter for the 6-port and 14-port 
tubes. In the same figures, experimental data is compared with circular tube correlations developed by Churchill 
(1977). 
Figure 4.2 shows corrections based in dynamic similarity proposed by Jones (1976) and Obot (1988). The 
laminar equivalent diameter definition was used as the length scale to compute Reynolds number. Laminar 
equivalent diameters for 6-port and 14-port microchannels are 1.68 mm and 1.04 mm, respectively. 
Corrections for the 14-port microchannel are almost imperceptible because, coincidentally, the hydraulic 
diameter and the laminar equivalent diameter are very similar. In other words the coefficient Kf(s)  of the 14-port 
microchannel is close to 64. 
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Figure 4.1. Friction Factor vs. Reynolds Number for studied microchannels the Hydraulic Diameter Definition 
was used to Compute Reynolds Number 
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Figure 4.2: Friction Factor vs. Reynolds Number for the studied Microchannels  the Laminar Equivalent 
Diameter Definition was used to Compute Reynolds Number 
One of the conclusions that can be drawn from Figure 4.1 is that single-phase behavior in small tubes 
follows correlations that were developed for big tubes. Similarity exists for both microchannels in the laminar region 
and turbulent region if the Reynolds number is scaled with the laminar equivalent diameter. It should be addressed 
that in this special case (6-port and 14-port), there is similarity in the turbulent region if Reynolds is also reduced 
with the hydraulic diameter. 
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The only difference observed between round and small rectangular tube results is in the transition from 
laminar to turbulent flow. Transition occurs for Reynolds numbers of 2000 and 1800 for the 6-port and 14-port, 
respectively. A critical Reynolds number of 2300 is generally accepted as a common value for circular tubes. 
It is known that the critical Reynolds number depends on the conditions of the experiment, in particular, the 
geometry of the entrance and the flow conditions of the supply (Pai, 1957 and White, 1991). The present study used 
the same entrance conditions for both the 6-port, and the 14-port microchannels.  
Other investigators have reported earlier transitions for smaller tubes. Peng and Peterson (1994), conducted 
experiments with water on rectangular microchannels with hydraulic diameters ranging from 0.133 mm to 0.367 mm 
and aspect ratios from 0.333 to 1. They report critical Reynolds numbers in the range of 200-700 (the hydraulic 
diameter was used to reduce their experimental data) where the lower critical Reynolds numbers are associated to 
the smaller channels.  
Pfund et al. (2000) also reported early transition for microchannels with hydraulic diameters ranging from 
0.19 mm to 0.97 mm using water.  He observed the transition to turbulence occur earlier for smaller channels, but 
the values of the critical Reynolds number were not so low as Peng and Peterson (1994) reports.  
The trends found between the present study , Pfund et al. (2000), and Peng and Peterson (1994) work 
suggest that the occurrence of the transition from laminar to turbulent flow occurs earlier, when diameters are in the 
order of a couple of millimeters and below. 
Although there is a vast literature that deals on transition and turbulence  (White, 1991 names numerous 
investigations in this topic), there is not an exact theory for pressure drop or friction factor prediction in these 
regions, or to describe the mechanisms associated with the transition from laminar to turbulent flow. 
4.3.2. Refrigerants 
Experiments of single-phase vapor flow with two refrigerants were completed in order to expand the 
property range, and characterize their flow behavior for industrial applications. R134a, and R410A were tested, and 
the mass fluxes range for each fluid is shown in Table 4.2. 
Table 4.2: Mass Flux Ranges for R134a and R410A vapor Used in the Experiment 
Fluid Mass Flux Range [kg/s.m2] Reynolds Number 
Range 
R134a vapor 30-150 3100-20600 
R410A vapor 40-350 4000-41200 
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Figure 4.3: Friction Factor vs. Reynolds Number using R134a and R410A (Experimental Data Reduced with 
Hydraulic Diameter) 
 
Figure 4.3 shows reduced experimental data for both refrigerants. Although low mass fluxes were included 
in the analysis, Reynolds numbers for the refrigerants fall in the range of turbulent region (Reh>2300) as it is seen in 
Figure 4.3. Similarity is also found with refrigerants for the turbulent region. For 14-port, early transition to 
turbulent flow is also found with R134a. 
4.4 Sensitivity of Pressure Drop with Diameter 
When a microchannel tube is manufactured, certain tolerances are allowed in the quality control of the 
tube. Over the lifetime of the extrusion die, wear tends to reduce this internal port dimensions. Differences between 
the measured dimensions, and the nominal dimensions of the microchannels have been found to affect the value of 
the friction factor, although the measured values keep the tolerance limits. 
Nominal area, perimeter and hydraulic diameter were calculated for the 6-port, and the 14-port 
microchannel from technical drawings of the microchannel tubes and are presented in Table 4.3. 
Table 4.3: Nominal Hydraulic Diameter and Area for the 6-port and 14-port microchannels  
 Nominal Values Measured Values 
 
Dh  
[mm] 
RangeDh 
[mm] 
A 
[mm2] 
Range A 
[mm2] 
Dh 
[mm] 
A 
[10-5m2] 
6-port 1.70 1.47-1.91 18.3 14.5-22.3 1.54 16.7 
14-port 1.07 0.94-1.20 16.4 12.3-21.1 1.02 15.0 
Ranges of hydraulic diameter or found with tolerances of microchannel specifications. 
Measured values are included for comparison. 
Tolerances are reserved values of the manufacturing company. 
 
Figure 4.4 shows how the data from Figure 4.1b diverge when the nominal hydraulic diameter of the tube is 
mistakenly used instead of the measured hydraulic diameter for the 14-port microchannel when experimental data is 
reduced. Although the differences of hydraulic diameter and area fall into the 5% and 9%, respectively, significant 
differences are found in the friction factor (27% error). 
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Figure 4.4. Sensibility of Experimental Data due to the Choice of Nominal Dimensions Instead of Measured 
Dimensions in the 14-port Microchannel. 
These variations are due to the sensitivity of the friction factor to tube dimensions less than a couple of 
millimeters and below. Consider a circular tube of hydraulic diameter D (A similar analysis could be applied to 
rectangular channels). Friction factor is found by the following equation (Equation 4.2). 
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Where DP and m& is the measured pressure drop and the mass flow of the experiment. Therefore, the 
friction factor is inversely proportional to the fifth power of the diameter. 
5
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In small scale tubes, errors in the calculation of the diameter of the tube can lead to large differences in the 
calculation of the friction factor. A careful measurement of the dimensions of a tube sample is suggested when 
experiments deals with small diameters. 
Alternatively, single-phase pressure drop may be used to determine the effective hydraulic diameter based 
on the results of this study. 
4.5. Conclusions 
Single -phase pressure drop was investigated in microchannels  with non-circular ports. Through this study, 
two methods of data reduction have been presented. One method uses the definition of the hydraulic diameter, and 
the other method uses a laminar equivalent diameter defined by applying the dynamic similarity theory. Both 
methods yield reasonable results, and the results in both formats show that multi-port microchannels behave 
similarly to circular tubes.  
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Similarity between large tubes and tubes with hydraulic diameters of the order of a millimeter held for 
laminar and turbulent regions. However, transition is found at earlier Reynolds numbers in the microchannels. 
No significant differences are found for the range of fluid properties used. The use of air, nitrogen, water, 
and refrigerants R134a, and R410A in vapor phase covers a wide range of properties.  
4.6. Bibliography 
Churchill, S.W., Friction Factor Equations Spans All Fluid-Flow Regimes, Chemical Engineering, vol. 84, pp. 91-
92, 1977. 
Fox, R.W., and McDonald, A. T., Introduction to Fluid Dynamics, Fourth Edition, John Wiley and Sons, New York, 
1992. 
Jones O.C. Jr.,  An Improvement in the Calculation of Turbulent Friction in Rectangular Ducts, Journal of Fluids 
Engineering, Transactions of the ASME, vol. 98, no. 2, pp. 173-181, June 1976.  
Obot, N. T., Determination of Incompressible Flow Friction in Smooth Circular and Non-circular Passages: A 
Generalized Approach Including Validation of the Nearly Century Old Hydraulic Diameter Concept, American 
Society of Mechanical Engineers (Paper) , WA/FE1, Published by ASME, New York, 12p, 1988. 
Pai, S., Viscous Flow Theory, II: Turbulent Flow, D. Van Nostrand Company Inc., Princeton, New Jersey, 1957. 
Peng, X. F., and Peterson, G. P., Frictional Flow Characteristics of Water Flowing Through Rectangular 
Microchannels, Experimental Heat Transfer, vol. 7, pp. 249-264, 1994.  
Pfund, D., Rector, D., Shekarriz, A., Popescu, A., and Welty, J., Pressure Drop Measurements in a Microchannels, 
AICHE Journal, vol. 46, no. 8, pp. 1496-1507, August 2000.    
Shah, R. K., and London, A. L., Laminar Flow Forced Convection in Ducts, Supplement 1 to Advances in Heat 
Transfer, Edited by Irvine, T. F., and Harnet, J. P., Academic Press, New York, 1978. 
White, F. M., Viscous Fluid Flow, Second Edition, McGraw Hill, New York, 1991. 
White, F. M ., Fluid Mechanics, Fourth Edition, McGraw Hill, Boston, 1999. 
 54 
Chapter 5. Two-phase Pressure Drop 
Two-phase adiabatic pressure drop results are presented for two aluminum microchannel tubes. A 6-port 
and a 14-port microchannel were tested, with hydraulic diameters of 1.54 mm and 1.02 mm, respectively. Mass 
fluxes from 50 to 300 kg/s.m2 are operated, with quality ranging from 0 to 1 for two -phase flow experiments. Two-
phase flows of R410A, R134a, and air-water mixtures are used as primary fluids.  Entrance/exit pressure drop were 
directly measured with an additional experiment. The losses due to the entrance/exit zones have been found to 
exhibit homogeneous flow characteristics, and were correlated to a homogeneous flow parameter based on the 
kinetic energy of the flow field. Two-phase pressure drop results are found to be a strong function of flow regime, 
mass flux, and fluid properties. For refrigerants, the results indicate a change from intermittent to an annular flow 
configuration as mass flux and quality levels are increased. For air-water mixtures, the results shows that annular 
flow is the principal flow regime for the flow conditions studied. Experimental results are compared to available 
two-phase pressure drop correlations showing poor agreement. A flow regime pressure drop model is developed. For 
the intermittent region, an alternative method for microchannel pressure drop predictions based in the average 
kinetic energy of the mixture is developed from experimental data with refrigerants and air-water mixtures. For the 
annular region, a correlation based in the separated flow model of Lockhart and Martinelli (1949) is proposed. A 
parameter based in the Weber number, the Lockhart-Martinelli parameter, and the liquid to vapor density ratio is 
proposed for pressure drop predictions in the annular flow region.  
5.1. Introduction 
In general, total pressure drop for two-phase flow in tubes can be expressed in terms of a frictional 
dissipation term, an accelerational head term, and a static term due to gravitation effects.  
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Where dP/dz is the gradient of pressure in the direction of the flow (z direction). The accelerational head 
term is calculated from an analysis of momentum exchange in the pipe and is shown in Equation 5.2. The static head 
is indicated by Equation 5.3.  
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Where m& is the mass flow rate of the fluid through the pipe, r l is the liquid density, rv is the vapor density, g is the 
gravity, and q is the inclination angle of the tube. A, x, and a denote the cross-sectional area, quality, and void 
fraction of the tube at a distance z, respectively.  
For two-phase flow, the frictional pressure drop is related with the irreversible dissipation of energy due to 
interactions between the fluid and the wall of the tubes, and interactions between vapor and liquid. There is not an 
exact theory that predicts pressure losses due to friction. Through many years, investigators have developed semi -
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empirical correlations based in experimental work to predict two-phase pressure drop. Therefore, the semi -empirical 
relations are limited to the range of conditions of the experiments at which they are developed. 
The current investigation presents two-phase pressure drop results in horizontal aluminum microchannels at 
adiabatic conditions. This chapter starts with a review of two-phase pressure drop correlations for both large and 
small tubes. An analysis of the entrance/exit pressure losses is performed in order to isolate the pressure drop of the 
microchannel tube. The pressure drop experimental results are presented and compared with some of the 
correlations available in the literature. An alternative method based on the average kinetic energy of the mixture is 
suggested for pressure drop predictions.  
5.2. Literature Review 
In two-phase flow, two ideal models for frictional pressure drop prediction are the homogeneous and the 
separated flow models. In the homogeneous model, it is assumed that liquid and vapor velocities of the mixture are 
equal. Furthermore, the mixture is considered as a homogeneous single-phase fluid with average fluid properties that 
depends on the quality. This model may be suitable for intermittent flow. On the other hand, the separated flow 
model considers the liquid and vapor in the mixture flowing separately. In this model, the static pressure drop of the 
liquid phase and vapor phase are assumed equal. Ideal separated flow has no vapor-liquid interactions assumed. This 
model is a limiting case for stratified flow and annular flow. 
5.2.1. Homogeneous Flow Model 
The homogeneous flow model predicts two-phase pressure drop with single-phase pressure drop relations 
using average properties of the mixture. 
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Where f is the Fanning friction factor, G is the mass flux of the two-phase flow, and D is the diameter of 
the tube. It should be recalled the difference between Fanning friction factor f, and Darcy friction factor fD. As seen 
in Chapter 4, the relation between the variables is fD=4f. The two-phase density (r2f) is an average density 
calculated assuming a homogeneous void fraction.  
1
2
)1(
-
÷÷
ø
ö
çç
è
æ -
+=
lv
xx
rr
r f  (5.5) 
For the homogeneous model, McAdams (1954) suggest friction factor calculations with a Reynolds number 
that uses an average dynamic viscosity (m2f) of the mixture defined as: 
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5.2.2. Separated Flow Model 
Most of the available correlations for large and small tubes are based on an annular flow model. Lockhart 
and Martinelli (1949) performed the most representative investigation that develops the theory of the separated flow 
model. Their work included an experimental analysis of circular tubes with diameters ranging from 1.48 mm to 
25.83 mm, using mixtures of air with benzene, kerosene, water and various oils. Their two-phase pressure drop 
analysis was based in two basic postulates. The first one states that the static pressure drop for both liquid and vapor 
phases are the same regardless of the flow pattern, as long as changes of static pressure in the radial direction are not 
significant (they infer that slug or plug flow are eliminated from consideration). The second postulate states that the 
sum of volumes occupied by vapor and liquid at any instant are equal to the total volume of the pipe (mass 
continuity equation). 
Based in these postulates and their experimental analysis, Lockhart and Martinelli (1949) developed a new 
parameter that is used to correlate their experimental results. 
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Where Xtt is known as the Lockhart-Martinelli parameter, which is equal to the square root of the ratio of 
the liquid frictional pressure drop to the vapor frictional pressure drop assuming turbulent flow of each phase 
flowing alone at its superficial velocity. The superficial velocity for liquid and vapor are defined as Vl=(1-x)G/r l and 
Vg=xG/rv, respectively.   
Martinelli and Nelson (1948), and Lockhart and Martinelli (1949) defined key multipliers that are ratios 
between the two-phase flow frictional pressure gradient (DP/Dz)2f, and a single-phase frictional pressure gradient. 
For example, 
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Where flo is the Fanning friction factor assuming that only liquid is flowing alone at the same mass flux G 
of the two-phase flow through the pipe of hydraulic diameter D.   
In the case of Equation 5.10, the single-phase frictional pressure gradient (DP/Dz) lo assumes that only liquid 
is flowing through the pipe at the same mass flux of the mixture. Other reference bases have been assumed in other 
investigations, such as the pressure gradient of vapor-only flow. The two-phase multiplier 2loF  measures the 
irreversible work due to the interactions between the vapor, liquid, and the walls  of the pipe, compared with the 
irreversibilities of only liquid flow going through the pipe at the same mass flux. Lockhart and Martinelli suggested 
that the two-phase multiplier can be correlated with the parameter Xtt. 
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Several investigators correlated their experimental pressure drop with Xtt and some other parameters. 
Relevant parameters mentioned in this study are explained in Table 5.1. 
5.2.2.1. Large Tube Correlations 
Friedel (1979) developed a correlation for the two -phase multiplier 2loF  by conducting experiments for 
both horizontal and vertical flow, where the smallest diameter was 4 mm. His correlation is given by: 
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Where mv and ml denotes the dynamic viscosity of vapor and liquid, respectively, x is the quality (or fraction 
of vapor mass) of the mixture. The variables flo, and fvo are the Fanning friction factor of the liquid and vapor phases 
assuming that they are flowing alone at the same mass flux of the two-phase flow (Equation 5.4).  
The Froude number (Fr) and the Weber number (We) are calculated with the equations of Table 5.1, using an 
average density of the mixture (Equation 5.2). 
Table 5.1: Some of the Parameters Used for Pressure Drop Correlations 
Parameter Equation Meaning 
Reynolds Number 
m
GD
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Numerator corresponds to the ratio of 
surface to buoyancy forces. 
 
Jung and Radermacher (1989) conducted experiments to find a pressure drop correlation during horizontal 
flow boiling with R22/R114 and R12/R152a mixtures at several compositions as well as pure components. The tube 
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used in these experiments is a circular tube of 9.1 mm ID, and the range of mass fluxes corresponds to 230-720 
kg/s.m2. They correlate their data with the following equation for the two-phase multiplier 2loF . 
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Souza et al. (1993) developed a correlation for two-phase pressure drop for evaporator tubes. R12 and 
R134a were used as the refrigerants in their test apparatus, and a 10.9 mm ID horizontal smooth copper tube was 
used in their experiments. The predominant flow pattern for most of the tests is annular flow. Their correlation for 
the two-phase multiplier 2loF  was based in the Lockhart-Martinelli parameter and Froude Number (see Table 5.1). 
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Frl is the Froude Number of the liquid phase assuming that only liquid is flowing at the same mass flux of 
the mixture. 
5.2.2.2. Small Tube Correlations 
Yang and Webb (1996) measured pressure drop in a plain and a micro-fin rectangular 4-port microchannels 
with hydraulic diameters of 2.64 and 1.56 mm, respectively. The study included single-phase and two-phase data 
with R12 using mass fluxes ranging from 400 to 1400 kg/s.m2. They used a different approach to correlate their 
experimental data. They defined a friction factor that depends on an equivalent liquid flow that will give the same 
pressure drop of the two-phase flow: 
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Where  Geq is the equivalent mass flux of liquid proposed by Akers et al. (1959). The Darcy friction factor 
fD-lo is calculated with Equation 5.4 assuming that only liquid is flowing through the pipe at the same mass flux of 
the mixture (G). Reynolds numbers assuming only liquid (Re lo) calculated fro m experimental results were always 
higher than 2500. 
Zhang and Kwon (1999) developed a correlation for the two-phase multiplier 2loF , based on experiments 
with R134a, R22, and R404A through a 6.20 mm and a 3.25 mm copper tube, and a circular 6-port microchannel 
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with a hydraulic diameter of 2.13 mm. Mass fluxes from 200 to 1000 kg/s.m2 were used in their experiments. The 
correlation that best fit their experimental data was: 
64.125.08.01222 )()1(68.187.2)1( -- -++-=F rrlo PxxPxx  (5.18) 
Where Pr is the reduced pressure of the mixture (ratio between saturation pressure of the mixture and 
critical pressure of the fluid). It should be noted that there is an inherent relation between reduced pressure and the 
ratio of physical properties as indicated by Equation 5.14. 
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Where Psat is the saturation pressure, Pc is the critical pressure of the refrigerant, the fluid properties (rv, rv, 
ml, mv) are at the saturation temperature, and C, m, n, and o are constants. Jung and Radermacher (1989) report 
C=0.551, m=0.492, n=0.5 and o=0.1 for pure refrigerants.  
Tran et al. (2000) performed experiments with 2.46 mm and 2.92 mm circular tubes, and a 4.06 mm x 
1.7 mm rectangular channel during evaporation. Fluids used in the experiments include R134a, R12, and R113 with 
mass fluxes ranging from 50-800 kg/s.m2. They compared their experimental results of the annular region (high 
mass flux and qualities) with large tube correlations, concluding that most of them under-predict their pressure drop 
results. They conclude that the additional pressure drop in the annular region of two-phase flow in small tubes is 
related to an additional friction related to the bubbles that are confined, elongated, and slide over a thin liquid due to 
the size of the channel, compared with the unrestricted movement of these bubbles in the large tubes. The 
correlation for 2loF  includes the confinement number Nconf. (Cornwell and Kew, 1993). It is an expression that 
represents the ratio between the surface tension to buoyancy forces (see Table 5.1)  
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G2 is the ratio of the liquid frictional pressure drop to the vapor frictional pressure drop assuming a 
turbulent behavior of each phase, and flowing alone at the same mass flux of the mixture. 
Coleman (2000) made an extensive study of flow visualization, which included pressure drop 
measurements of R134a in circular and non-circular microchannel tubes. In his study, hydraulic diameters ranges 
from 0.424 mm to 4.91 mm, and mass flux covers two-phase flows from 150kg/ s.m2 to 700kg/s.m2. Only pressure 
drop data for the larger tubes shows reasonable agreement with correlations found in literature. 
5.3. Entrance/Exit Pressure Losses 
As Figure 5.1 shows, the principal comp onents of the microchannel test section are the transition blocks 
and the microchannel tube in between. These pieces were designed to provide connection between the microchannel 
and the round copper tube of the flow system, as well as to allow pressure measurement at the inlet and the exit of 
the microchannel. 
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Figure 5.1: Microchannel Test Section and Pressure Drop Measurement Arrangement 
A drawing of the transition pieces are shown in Figure 5.2, and details of their design are explained in 
Payne et al. (2000). The pressure taps for measuring pressure drop in the test section are located in the chamber of 
the transition blocks. Hence, pressure drop measurements include the frictional pressure drop in the microchannel 
plus an additional entrance/exit pressure drop due to a flow contraction and a following expansion through the 
transition blocks. 
 
Figure 5.2: Transition Block in Explosion 
An additional experiment was completed in order to describe quantitatively the pressure losses due to the 
area change. The schematic drawing of the experiment is shown in Figure 5.3. The transition blocks were placed 
directly together with a short piece of microchannel tube (the pieces were connected with a 7.62 cm microchannel). 
In this arrangement, the pressure gradient due to acceleration changes (area change causes acceleration changes, 
Equation 5.2) is large compared with pressure losses due to friction.  
 
Figure 5.3: Schematic Drawing of Experiment to Find Entrance/Exit Pressure Drop 
Utilizing a homogeneous flow model analysis for contraction and expansion devices suggested by Collier 
and Thome (1996), a correlation for the transition section pressure drop for each microchannel tube was developed. 
Equation 5.16 and Equation 5.17 describe the equations for sudden contraction and sudden expansion developed by 
Collier and Thome (1996), applied to the experimental arrangement shown in Figure 5.4. 
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Figure 5.4: Schematic Drawing of the Contraction and the Expansion that Generate the Entrance/Exit Pressure 
Losses  
 
Pressure drop due to a sudden contraction:  
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Pressure gain due to the sudden expansion:  
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Where s is the ratio of the cross-sectional area of the chamber and the area of the microchannel as shown in 
Figure 5.4. The average density r2f is calculated assuming a homogeneous void fraction at a quality x (i.e. the two -
phase flow behaves as a homogeneous mixture moving at the same velocity).  
The coefficient Cc  that appears in the pressure drop relation for the sudden contraction is called the 
coefficient of contraction. The coefficient of contraction is the ratio of the area of the vena contracta at the entrance 
of the contraction, compared with the total area of the contraction (in this case, the cross-sectional area of the 
microchannel). Collier and Thome (1996) suggest that the coefficient of contraction depends on mass flux and the 
area ratio s, and give some numerical values.    
In general, the model developed by Collier and Thome (1996) suggests that the total entrance/exit pressure 
losses are proportional to the average kinetic energy of the mixture. 
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Figure 5.5 and Figure 5.6 shows the results of the entrance/exit pressure drop experiments for the 6-port 
and the 14-port microchannel using air-water mixtures, and R134a and R410A (the results include single and two-
phase flow of the refrigerants). 
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Figure 5.5: Entrance/Exit Pressure Drop vs. the average Kinetic Energy of the Mixture (6-port microchannel)  
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Figure 5.6: Entrance/Exit Pressure Drop vs. the average Kinetic Energy of the Mixture (14-port microchannel) 
Table 5.2 shows the range of flow conditions for the experiments. The figures also show the comparison 
between the experimental results and the homogeneous model. 
Collier and Thome (1996) relations for enlargements and contractions (sum of Equation 5.16 and 5.17) 
under-predict pressure drop losses in the transition pieces. The data suggests, however, that the homogeneous kinetic 
energy parameter of the model developed by Collier and Thome is the dominant factor for correlating pressure drop 
through the transition blocks. The behavior is approximately linear. Differences between the data and the 
homogeneous flow model of Collier and Thome (1996) may be associated with momentum dissipation at the webs 
of the microchannel in the entrance. In other words, the vena contracta that is associated with the mixture entering 
the multi-port microchannel is complex, generating higher dissipation. 
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Table 5.2: Range of Flow Conditions for Entrance/Exit Pressure Drop Experiments 
a) Two -phase Flow 
Microchannel Fluid Gmin  [kg/s.m2] 
Gmax  
[kg/s.m2] 
6-port 
Air-water 
R134a 
R410A 
23 
56 
93 
266 
236 
266 
14-port 
Air-water 
R134a 
R410A 
56 
65 
20 
120 
350 
385 
 
b) Single-phase Flow 
Microchannel Fluid Remin Remax 
6-port 
R134a (Liquid) 
R134a (Vapor) 
Nitrogen 
Water 
29 
10280 
1847 
662 
3099 
16499 
11810 
2589 
14-port 
R134a (Liquid) 
R134a (Vapor) 
R410A (Liquid) 
R410A(Vapor) 
Nitrogen 
Water 
35 
6400 
120 
3439 
1569 
354 
2577 
19319 
7586 
22327 
6878 
1223 
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 a) 6-port b) 14-port 
Figure 5.7: Entrance/Exit Pressure Drop: Comparison between Single-phase Flow and Two-phase Flow (Using 
all fluids in the Range of Conditions specified by Table A.2.1) 
Figure 5.7 shows the results extending the range of fluid properties. Experiments using single-phase flows 
of nitrogen and water were performed to measure entrance/exit pressure drop. Single-phase pressure drop data of 
nitrogen in the transition blocks agree with the results of the refrigerants. Water differs from the rest of the data 
because of the higher frictional dissipation due to its high dynamic viscosity (1307 mPa.s for water, compared with 
238 mPa.s for liquid R134a, 147 mPa.s for liquid R410A, and viscosities ranging from 11 to 18 mPa.s for gases). The 
discrepancy found between different fluids may be associated with the dissipation of momentum at the entrance. 
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The experimental results of entrance/exit pressure losses were correlated with the average kinetic energy as 
Figure 5.5 and Figure 5.6 suggest. A constant that multiplies the average kinetic energy of the mixture is sufficient 
to calculate the entrance/exit pressure losses, and subtract them from the total pressure drop. Table 5.3 lists the 
constants for the microchannels and transition blocks used in this study. 
Table 5.3: Constants used for Calculation of Entrance/Exit Pressure Losses  
Microchannel C 
6-port 3.24 
14-port 4.54 
 
5.4. Experimental Results 
Two-phase pressure drop measurements were performed with R410A, R134a, and air-water mixtures using 
the 6-port and the 14-port aluminum microchannel. The experimental results are shown from Figure 5.8 through 
Figure 5.10. Entrance/exit pressure losses were subtracted from the overall test section pressure drop. The effect of 
fluid properties on pressure drop is observed in Figure 5.11 and the effect of decreasing hydraulic diameter is 
appreciated in Figure 5.12. 
In general, pressure drop increases when mass flux (G) increases. The two-phase pressure drop is strongly 
dependent on the physical properties of the fluid or mixture. It should be recalled that the liquid to vapor density of 
air-water is 1000 to 2, compared with 1000 to 20 for R134a, and 1000 to 40 for R410A. 
At low mass fluxes (50 and 100 kg/s.m2) and high liquid to vapor density ratios (R410A, and R134a), there 
is a small change of pressure drop with quality. Figure 5.8 shows this behavior for R410A (Similar results are shown 
in Figure 5.9 for R134a). However, pressure drop increases significantly with quality for higher mass fluxes.  
This change of curve behavior is related to the change of flow regime. As seen in Chapter 2, at low mass 
fluxes and high liquid to vapor density ratio, the most probable flow observed on a multi-port microchannel tube of 
1.5 mm belongs to the intermittent flow regime. When decreasing diameter, the intermittent region is expected to 
increase. On the other hand, at high mass fluxes and qualities, annular flow regime was equally distributed through 
the multi-port microchannel observations. At higher mass fluxes, the range of qualities at which annular flow is 
found in the multi-port microchannel is broadened. Shapes of the two-phase pressure drop curves at high mass 
fluxes are characteristic of annular type flows found in large tubes.  
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Figure 5.8: Two-phase Pressure Gradient Results for R410A 
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Figure 5.9: Two-phase Pressure Gradient Results for R134a 
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Figure 5.10: Two-phase Pressure Gradient Results for Air-water Mixtures 
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Figure 5.11: Effect of Fluid Properties on Two-phase Pressure Gradient (6-port) 
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Figure 5.12: Effect of Diameter on Two-phase Pressure Gradient (R410A) 
Another interesting feature is observed in Figure 5.12. A very small increment on pressure drop is observed 
when decreasing hydraulic diameter at low mass fluxes. The principal flow regime at low mass fluxes is the 
intermittent flow. At higher mass fluxes, where annular flow is the principal flow regime, the effect of hydraulic 
diameter on pressure drop is significant. 
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Significant changes of pressure drop are observed for the same range of mass fluxes in air-water mixtures 
compared with refrigerant pressure drop due to the difference between liquid to vapor density ratio. At the same 
mass flux, vapor phases with lower densities have higher vapor velocities that promote annular behavior. An annular 
flow type behavior is observed for air-water mixtures, even at low mass fluxes (Figure 5.10). 
The effect of temperature in two-phase pressure drop was also analyzed. Experiments were performed with 
two different saturation temperatures: 10°C and 20°C. Figure 5.13 shows the effect of temperature on pressure drop 
of R410A in a 14-port microchannel.  There is not a significant change in pressure drop with respect to temperature 
changes at low mass fluxes. However, at high mass fluxes, pressure drop decreases when temperature increases. 
When increasing temperature, the vapor density increases significantly while there is a small decline of liquid 
density (liquid to vapor density ratio for R410A at 20°C is 1000 to 60, approximately). An increase in the vapor 
density decreases the vapor velocity at the same mass flux condition. Therefore, the effect of temperature is 
noticeable in the annular region. It should be addressed that the intermittent region is expected to increase when 
temperature increases due to the decrease of vapor density. Thus, an evaporator may display more annular-like flow 
conditions compared to a condenser due to the saturation temperatures effect on vapor density.      
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Figure 5.13: Effect of Temperature on Two-phase Pressure Gradient (R410A) 
5.5. Analysis of Available Correlations 
Two-phase pressure drop correlations were examined to look for the best equation that could predict 
pressure drop data in the wide range of fluid and flow conditions. It should be recalled that the range of flow 
conditions studied are microchannel tubes of hydraulic diameters ranging from 1 and 1.6 mm, low mass flux range 
(50 to 300 kg/s.m2), using R134a, R410A, and air-water mixtures. 
In general, correlations based on the separated flow model do not predict two-phase pressure drop in 
microchannels over the range of parameters studied in this investigation. The worst predictions are encountered in 
the range of low mass fluxes (50 to 100 kg/s.m2). Table 5.4 shows the percentage of the experimental data that each 
correlation predicts within a 20% error band.  
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Table 5.4: Percentage of the Experimental Results predicted by Two-phase Pressure Drop Models within a 20% 
Error Band 
Microchannel Correlation R410A R134a Air-water 
McAdams (1954) † 45% 25% 76% 
Friedel (1979) 48% 25% 22% 
Jung and Radermacher (1989) 18% 17% 0% 
Souza et al. (1993) 41% 8% 0% 
Yang and Webb (1996) 25% 21% 13% 
Zhang and Kwon (1999) 36% 27% 11% 
6-port 
 
Tran et al. (2000) 14% 16% 11% 
     
McAdams (1954) † 37% 37% 72% 
Friedel (1979) 34% 31% 25% 
Jung and Radermacher (1989) 0% 0% 0% 
Souza et al. (1993) 32% 15% 0% 
Yang and Webb (1996) 18% 22% 8% 
Zhang and Kwon (1999) 25% 11% 13% 
14-port 
Tran et al. (2000) 3% 8% 13% 
† Correlation based on the homogeneous flow model. 
 
All correlations fail to predict two-phase pressure drop data within a reasonable error band. An interesting 
observation is that the homogeneous model proposed by McAdams (1954) correlates the best air-water mixtures 
(studied range of water-mixtures falls in the annular flow regime region), while the separated flow based 
correlations predict air-water pressure drop poorly. 
Figure 5.14 to Figure 5.16 show a comparison between the experimental results and predictions of the 
small tube correlations developed by Yang and Webb (1996), Zhang and Kwon (1999) and Tran et al. (2000). These 
correlations were  developed for relatively small hydraulic diameter tubes. The graphs show the behavior of the 
correlation separating the results by mass flux. As seen in the figures, there are systematic errors in the prediction of 
pressure drop when the correlations are extrapolated to small channels and low mass fluxes, spreading the results in 
the graph instead of collapsing the data in a single curve for all mass fluxes. Only for the 6-port microchannel and 
R410A at high mass fluxes (200 and 300 kg/s.m2), the results collapse into a nice trend (Zhang and Kwon, 1999, is 
the best prediction while Tran et al., 2000, over-predicts and Yang and Webb, 1996, under-predicts the pressure 
drop). Pressure drop of air-water mixtures is systematically over-predicted by large factors with all correlations. 
Zhang and Kwon (1999) correlation is not directly applicable to air-water mixtures because a reduced pressure is 
required. However, Equation 5.19 was used for air-water pressure drop predictions using the Zhang and Kwon 
(1999) corre lation. 
The reason the correlations do not predict pressure drop in microchannel in the range has been investigated. 
Surprisingly, it is not associated with the numerical values that are chosen to fit the experimental data. The 
systematic errors are related to the single phase friction factor that is calculated assuming only liquid flowing at the 
same mass flux of the mixture. Recalling Equation 5.9 and Equation 5.10, a two -phase pressure drop correlation 
based in the annular model is in the form: 
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For the range of mass fluxes studied (50 to 300 kg/s.m2), the Reynolds number falls in the laminar region 
assuming only liquid flowing through the microchannel (1 mm to 1.6 mm hydraulic diameter). Recalling the values 
of dynamic viscosity listed in Table 1.1, the range of Reynolds numbers are 340 to 3140 for R410A, 320 to 1910 for 
R134a, and 60 to 360 for air-water mixtures assuming only liquid flowing through the microchannel at the same 
mass flux of the mixture. Therefore, the systematic errors in the calculation of pressure drop with correlations based 
in annular flow is due to either the extrapolation of the turbulent friction factor function using low Reynolds 
numbers or using laminar functions to calculate the friction factor of the flow assuming only liquid flowing.  
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Figure 5.14: Yang and Webb (1996) Correlation Applied to Two-phase Pressure Gradient Results  
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Figure 5.15: Zhang and Kwon (1999) Correlation Applied to Two-phase Pressure Gradient Results  
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Figure 5.16: Tran et al. (2000) Correlation Applied to Two-phase Pressure Gradient Results  
5.6. Average Kinetic Energy Method 
As an alternative approach for predicting pressure drop, a modeling basis similar to that described for the 
transition sections was applied to microchannel tubes.  Pressure drop data for air-water mixtures as well as 
refrigerants are found to correlate very well if they are plotted against the average kinetic energy of the fluid, as 
shown in Figure 5.17. 
The results suggest that the pressure drop in both microchannels also can be expressed as a function of the 
velocity “head” dissipated in the tube by friction in the walls and irreversibilities associated with two-phase 
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interactions. The slope of the curve in Figure 5.17 is essentially constant for the range of fluids, qualities and mass 
fluxes examined in this study. 
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Figure 5.17: Two-phase Pressure Gradient vs. Average Kinetic Energy of the Mixture 
Figure 5.18 shows two-phase pressure drop plotted against the average kinetic energy divided by the 
hydraulic diameter. In this case, the dependence of diameter has been incorporated into the results. The experimental 
results of both microchannels using R134a, R410A, and air-water collapse in one curve. 
These results indicate that the two-phase friction factor, which is the slope of the data, is essentially 
constant. The value of the friction factor is approximately 0.045, which is interesting because it is approximately the 
same as the friction factor in the single phase transition between laminar and turbulent flows. Additionally, this trend 
indicates that the dissipation of the flow’s kinetic energy is nearly constant at a level of approximately 4 to 5% per 
tube length equivalent to the hydraulic diameter.   
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Figure 5.18: Two-phase Pressure Gradient vs. Average Kinetic Energy of the Mixture Divided by the Hydraulic 
Diameter 
Figure 5.19 shows the comparison between the experimental results and the pressure drop predicted by the 
average kinetic energy method. The average kinetic energy method successfully predicts the pressure drop in the 
microchannels except the region where fully annular flow regime is expected (mass fluxes higher than 100 kg/s.m2, 
and qualities from approximately 60% to 100% for refrigerants, and mass fluxes higher than 55 kg/s.m2 and qualities 
from 40% to 100% for air-water mixtures).  
010
20
30
40
0.0 0.2 0.4 0.6 0.8 1.0
x [-]
dP
/d
z 
[k
P
a/
m
]
G=50kg/s.m^2
G=100kg/s.m^2
G=200kg/s.m^2
G=300kg/s.m^2
G=50kg/s.m^2 (Pred)
G=100kg/s.m^2 (Pred)
G=200kg/s.m^2 (Pred)
G=300kg/s.m^2 (Pred)
0
10
20
30
40
0.0 0.2 0.4 0.6 0.8 1.0
x [-]
dP
/d
z 
[k
P
a/
m
]
G=50kg/s.m^2
G=100kg/s.m^2
G=200kg/s.m^2
G=300kg/s.m^2
G=50kg/s.m^2 (Pred)
G=100kg/s.m^2 (Pred)
G=200kg/s.m^2 (Pred)
G=300kg/s.m^2 (Pred)
0
30
60
90
120
0.0 0.2 0.4 0.6 0.8 1.0
x [-]
dP
/d
z 
[k
P
a/
m
]
G=55kg/s.m^2
G=110kg/s.m^2
G=220kg/s.m^2
G=55kg/s.m^2 (Pred)
G=110kg/s.m^2 (Pred)
G=220kg/s.m^2 (Pred)
 
0
10
20
30
40
0.0 0.2 0.4 0.6 0.8 1.0
x [-]
dP
/d
z 
[k
P
a/
m
]
G=50kg/s.m^2
G=100kg/s.m^2
G=200kg/s.m^2
G=300kg/s.m^2
G=50kg/s.m^2 (Pred)
G=100kg/s.m^2 (Pred)
G=200kg/s.m^2 (Pred)
G=300kg/s.m^2 (Pred)
0
15
30
45
60
0.0 0.2 0.4 0.6 0.8 1.0
x [-]
dP
/d
z 
[k
P
a/
m
]
G=100kg/s.m^2
G=200kg/s.m^2
G=300kg/s.m^2
G=50kg/s.m^2 (Pred)
G=100kg/s.m^2 (Pred)
G=200kg/s.m^2 (Pred)
G=300kg/s.m^2 (Pred)
0
40
80
120
160
0.0 0.2 0.4 0.6 0.8 1.0
x [-]
dP
/d
z 
[k
P
a/
m
]
G=55kg/s.m^2
G=110kg/s.m^2
G=220kg/s.m^2
G=55kg/s.m^2 (Pred)
G=110kg/s.m^2 (Pred)
G=220kg/s.m^2 (Pred)
 
 a) R410A  b) R134a c)Air-water 
Figure 5.19: Comparison between Experimental Results and the Average Kinetic Energy Method Using the 6-port (Above) and the 14-port (Below) 
Microchannel  
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It should be addressed that the range of qualities where annular flow is observed reduces when mass flux 
decreases.  
In general, the average kinetic energy method predicts pressure drop of regions where intermittent flow is 
the most probable flow regime (the intermittent flow region increases when vapor density increases and/or the 
hydraulic diameter decreases). However, this method failed to predict pressure drop in the annular region and a 
refined analysis is necessary.  
5.7. Annular Flow Region 
In summary, pressure drop in microchannels is flow regime dependent at the flow conditions specified in 
this study. The average kinetic energy method successfully predicts pressure drop in the intermittent flow region. 
However, none of the available correlations based in the separated flow model predict pressure drop in the annular 
region when extrapolated to low mass fluxes. All correlations are based in the development of the multiplier 2loF  
that compares the dissipation due to the interactions between the vapor, liquid, and the walls of the pipe with the 
frictional dissipation of only liquid flow going through the pipe at the same mass flux. In Section 5.5 it was found 
that the systematic errors of the correlations are related to the single-phase friction factor that is calculated assuming 
only liquid flowing at the same mass flux of the mixture. 
A new correlation is developed in this section for the annular flow region in microchannel. The correlation 
is based in the separated flow model developed by Lockhart and Martinelli (1949) and Martinelli and Nelson (1948). 
The effect of surface tension is also analyzed for pressure drop predictions. 
The new correlation for pressure drop predictions is based in a two-phase multiplier that compares the 
irreversibilities of a two-phase flow moving through a pipe compared with the irreversibilities of only vapor moving 
in the same pipe at the same mass flux. 
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From Section 3.5, it is known that surface tension forces lift the liquid around the tube walls promoting 
annular flow or intermittent flow in small channels. The effect of surface tension was analyzed for pressure drop 
characterization. Recalling from Section 3.5, the Weber number is analyzed in this study. The parameter is used to 
compare the vapor inertial force with the interfacial force that the vapor needs to break barriers of liquid and 
promote annular flow. 
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Figure 3.20 shows the experimental results of the two-phase multiplier 2voF  compared with the Lockhart-
Martinelli parameter (Xtt), and Figure 3.21 shows the effect of including the Weber number in the characterization of 
the annular flow. A value of p=1.3 is used for curve fitting. Comparing both graphs, the experimental results of air-
water mixtures collapses when Weber number is included. However, there are not significant changes for the 
experimental results using both refrigerants (surface tension of air-water mixtures is 72.7 mN/m, compared with 7.8 
mN/m and 10.1 mN/m for R410A and R134a at 10°C, respectively).    
0
1
10
0.01 0.10 1.00
Xtt
ph
i v
o
R134a, G=200kg/s.m^2
R134a, G=300kg/s.m^2
R410A, G=200kg/s.m^2
R410A, G=300kg/s.m^2
air-water, G=100kg/s.m^2
air-water, G=200kg/s.m^2
air-water, G=300kg/s.m^2
 
Figure 5.20: Two-phase Multiplier 2voF vs. Xtt applied to Experimental Pressure Drop of 6-port Microchannel 
using R410A, R134a, and Air-water mixtures 
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Figure 5.21: Experimental Results of Two-phase Pressure Drop of the 6-port Microchannel Reduced with Xtt and 
We 
A very interesting result is shown in Figure 3.22 when the ratio liquid to vapor density ratio is included in 
the reduction of experimental data. A value of q=0.9 is chosen for curve fitting. The density ratio is the parameter 
that gives a similarity condition between two different fluids in order to be compared in the same reference system. 
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Figure 5.22: Experimental Results of Two-phase Pressure Drop of the 6-port Microchannel Reduced with Xtt, 
We and (r l/rv) 
Figure 3.23 shows the two-phase multiplier reduced with the expression that relates the Lockhart-Martinelli 
parameter, the Weber number and the liquid to vapor density ratio. The graph collapses the experimental results of 
the 6-port and the 14-port microchannel using two-phase flows of air-water, R134a and R410A in an annular flow 
configuration. 
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Figure 5.23: Experimental Results of Two-phase Pressure Drop of the 6-port and 14-port Microchannel Reduced 
with Xtt, We and (r l/rv) 
Therefore, pressure drop in the annular region of microchannels can be predicted with a two-phase 
multiplier based in the separated flow model. The correlation has the generic form shown in Equation 5.30. 
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The experimental results collapse in Figure 3.23 when p=1.3, and q=0.9. The Weber number is not 
significant for refrigerant pressure drop prediction in the range of diameters studied (1 mm to 1.6 mm), but it may be 
important for smaller diameters. 
5.8. Conclusions 
Pressure drop data for two rectangular port microchannel tubes were presented and analyzed. A variety of 
fluids were used in the experiment for a more general analysis. Experiments to measure the Entrance/exit pressure 
drop were performed. These pressure losses were characterized by using the kinetic energy of the mixture assuming 
a homogeneous density. The entrance/exit effects were subtracted to isolate the pressure drop in the microchannel.  
Two-phase pressure drop results with R410A, R134a, and air-water mixtures were analyzed. It is concluded 
from the analysis that pressure drop is flow regime dependent. A change from a homogeneous to an annular flow 
character is observed in two-phase flow pressure drop data for the refrigerants as mass flux and quality levels are 
increased. The homogenous flow condition tends to be one in which the flow is well-organized, resulting in a low 
pressure drop that is relatively insensitive to mass flux and quality changes.  When the flow transitions to annular 
flow characteristics, higher pressure drop occurs with significant dependence on mass flux and quality conditions. 
Two-phase pressure drop of air-water mixtures shows an annular type behavior even for low mass fluxes.  
Large tube and small tube correlations fail to predict pressure drop in the microchannels studied. 
Systematic errors of the correlations are caused when extrapolated to smaller diameter and/or lower mass flux range 
than the conditions where they were developed. 
Due to the dependency of the flow regime, two pressure drop models where developed. For the intermittent 
flow regime, an alternative method for pressure drop predictions based in the homogenous flow model uses the 
average kinetic of the mixture. For the flow conditions and the microchannels used, the relation between the two-
phase pressure drop and the average kinetic of the mixture is linear.  
For the annular flow regime, a new correlation based in the separated flow model of Lockhart and 
Martinelli (1949) was developed. The correlation uses a two-phase multiplier that compares the dissipation of the 
two-phase flow, compared to the dissipation of only vapor flowing at the same mass flux. 
The multiplier is a function of the Lockhart-Martinelli parameter, the Weber number, and the liquid to 
vapor density ratio. 
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The annular portion of the experimental results of the 6-port and the 14-port microchannel using R410A, 
R134a, and air-water mixtures collapse when p=1.3 and q=0.9. The Weber number is important for air-water 
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mixtures, but does not have a significant effect on refrigerant pressure drop predictions for the diameters used in this 
study (1 mm to 1.6 mm). Surface tension of air-water mixtures is 72 mN/m compared with the surface tension of 
refrigerants that ranges from 7 to 10 mN/m.  
The density ratio is found to be an important parameter that gives a similarity condition between mixtures 
of different properties. In other words, pressure drop correlations based in a reduced range of fluid properties can be 
adapted for pressure drop predictions with different properties by using the liquid to vapor density ratio. 
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Chapter 6. Concluding Remarks 
6.1. Overview 
The general purpose of this study is to contribute to the development of more efficient heat exchangers. 
The basic understanding of pressure drop, void fraction as well as the flow field configuration form the foundation 
for improving and understanding heat transfer for these particular channels. 
Void fraction and frictional pressure drop in aluminum multi-port microchannels are characterized in the 
present investigation. In general, void fraction and pressure drop are flow regime dependent in the range of flow 
conditions investigated.  
The study covers mass fluxes from 50 to 300 kg/s.m2 and qualities ranging from 10% to 90% using 
microchannels with hydraulic diameters ranging from 1 mm to 1.6 mm. A flow visualization analysis is performed 
with a transparent multi-port microchannel with similar dimensions, for a qualitative description of two-phase flow 
in the range specified.  
A complete analysis of the void fraction and pressure drop experimental results is presented for R410A, 
R134a and air-water mixtures. The liquid to vapor density ratio for R410A, R134a and air-water mixtures are 
approximately 1000 to 40, 1000 to 20, and 1000 to 2, respectively. Thus, a wide range of flow conditions is covered 
in the present study.  
Results from the flow visualization studies indicate that several flow configurations may exist in multi-port 
microchannel tubes at the same time while constant mass flux and quality flow conditions are maintained. Flow 
mapping of the fluid regimes in this multi-port microchannel is accomplished by developing functions that describe 
the fraction of time that a flow configuration is observed in the multi-port microchannel at a fixed flow condition. 
The functions are dependent on fluid properties, quality and mass flux. Also, the functions should depend on the 
diameter of the tube (parameters not varied in this study). The effects of the manifold configuration on fractional 
time functions were analyzed. In general, the manifold configuration does not affect the overall fractional time 
functions of the flow regimes, but modify the flow distribution of the flow regime port by port. 
Void fraction and two-phase frictional pressure drop results reveal a dependence of fluid properties, mass 
flux and hydraulic diameter (inherent in the flow regime established). For refrigerants, the results indicate a change 
from intermittent to an annular flow configuration as mass flux and quality levels are increased. For air-water 
mixtures, the results shows that annular flow is the principal flow regime for the flow conditions studied.  
In general, experimental results of void fraction and pressure drop are compared with available two-phase 
pressure drop correlations showing poor agreement. A flow regime based model is developed in the present study 
for void fraction and pressure drop predictions. 
Single -phase pressure drop are also analyzed in the present study. Early transition to turbulent flow occurs 
in small tubes as experimental data suggest. Dynamic similarity is found in the microchannels for all the property 
range that covers this experiment. However, errors in the measurement of hydraulic diameter cause large errors in 
the prediction of friction factor. 
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6.2. Flow-regime Dependent Flow Model 
Two ideal models are distinguished for void fraction and frictional two-phase pressure drop predictions: the 
homogeneous and the separated flow models. In the homogeneous model, it is assumed that liquid and vapor 
velocities of the mixture are equal. Furthermore, the mixture is considered as a homogeneous single-phase fluid with 
average fluid properties that depends on the quality. On the other hand, the separated flow model considers the 
liquid and vapor in the mixture flowing independently. In this model, the static pressure drop of the liquid phase and 
vapor phase are assumed equal. Ideal separated flow has no vapor-liquid interactions assumed. This model is a 
limiting case for stratified flow and annular flow.  
It is concluded through the present study that the homogenous model is suitable for void fraction and two-
phase pressure drop predictions in the intermittent region. An alternative method based in the homogenous model 
uses the average kinetic energy of the mixture to predict two-phase pressure drop of refrigerants and air-water 
mixtures in the range specified. In summary, the equations for void fraction and frictional pressure drop in the 
intermittent flow region are: 
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For the annular flow region, correlations based in the separated flow model developed by Lockhart and 
Martinelli (1949) are proposed for void fraction and pressure drop predictions. A two-phase multiplier that includes 
the Weber number, the Lockhart-Martinelli parameter, and the liquid to vapor density ratio characterizes the annular 
flow regime. A new correlation based in this parameter is proposed for void fraction and pressure drop predictions in 
the annular region. 
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The coefficients m=1.3, n=0.9, and o=-0.06 are appropriate values for curve fitting. The function for 
calculation of the two-phase multiplier 2voF has not been developed. However, the experimental analysis shows that 
the parameter that includes Xtt, We, and (r l/rv), collapses the experimental data of both void fraction and pressure 
drop for a wide range of fluid properties.  
The Weber number is an important parameter for air-water mixtures, but does not have a significant effect 
on refrigerant void fraction and pressure drop predictions in the tubes investigated. At lower hydraulic diameters, 
this parameter will become important for characterization of refrigerant two-phase flow   
The density ratio is found to be an important parameter that gives a similarity condition between two-phase 
mixtures of different properties. In other words, correlations based in a reduced range of fluid properties can be 
adapted for pressure drop predictions with different properties by using the liquid to vapor density ratio. 
6.2.1. Intermittent to Annular Flow Transition Model 
A flow transition model is necessary to determine the point or region at which the transition from 
intermittent to annular flow regime occurs, in order to use the flow regime dependent model described above.  
Taitel and Dukler (1976) developed theoretical models to determine flow regime transitions in two-phase 
flow, and their work is commonly referenced as the representative flow transition models for large tubes.  
However, poor agreement between the flow transition models developed for large tubes and observations in 
small tubes has been reported.  
For example, Damianides and Westwater (1988) studied flows of air-water mixtures in horizontal circular 
tubes with diameters ranging from 1 to 5 mm. Fukano et al. (1989) observed two-phase flow in capillary tubes with 
diameters ranging from 1 to 4.9 mm using air-water mixtures. Triplett et al. (1999) investigated two-phase flow in 
capillary tubes with 1.1 and 1.45 mm inner diameters, and semi-triangular channels with hydraulic diameters of 1.09 
and 1.49 mm using air-water mixtures. Coleman and Garimella (1999) investigated circular tubes with diameters 
ranging from 5.50 to 1.30 mm, and compared a rectangular and a circular tube with similar hydraulic diameters, 
using air-water mixtures. In summary, a reduction of the stratified region and an increase of the intermittent region 
were observed when tube diameter is decreased. The small tube observations suggest that the flow transition lines 
are dependent on the hydraulic diameter, and surface tension is an important parameter for the determination of flow 
transitions in small tubes. In conclusion, all the small tube observations did not agree with the transition flow models 
developed by Taitel and Dukler (1976).  
In addition, Yang and Shieh (2001) compared flow transition lines for refrigerant R134a and air-water 
mixtures in tubes with diameters ranging from 1 to 3 mm at adiabatic conditions. Differences in flow regime 
transition were found between the fluids, suggesting that the transition lines are also dependent on the flow 
properties for small tubes. 
However, generalized flow transition models have not been developed from the two-phase observations in 
small channels. Coleman (2000) is one of the first studies that predict flow transition lines for small tubes in an 
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investigation with small tube geometries ranging from 0.424 mm to 4.91 mm using air-water mixtures and R134a in 
condensation.  
Based in the work of Traviss and Rohsenow (1973) and Soliman (1982), Coleman (2000) suggested a 
constant value of the liquid film Froude number for prediction of transitions between flow regimes. The transitions 
between different flow regimes and patterns were given in a tabular form for each hydraulic diameter and fluid 
properties.   
In summary, Traviss and Rohsenow (1973) and Soliman (1982) developed transition models based upon 
the von Karman velocity profile of the liquid film to determine the transition boundaries of the annular flow region. 
They concluded that the flow transitions could be predicted with a constant value of the liquid film Froude number. 
The liquid film Froude number is given by the following equation (Soliman, 1982): 
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Where Re l is the liquid film Reynolds number, and Ga is the Galileo number (i.e. the ratio of gravity to 
viscous forces). Table 6.1 summarizes the ranges of liquid Froude numbers at which Coleman (2000) observed flow 
transition from intermittent to a different flow regime. 
Table 6.1: Transition from Intermittent to Wavy-annular (Annular Flow Regime) for Air-Water Mixtures. 
Investigation performed by Coleman ( 2000) 
D [mm] Frl 
5.50 1.75 
2.60 2.70 
1.75 3.2 
1.30 3.5 
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Table 6.2: Transition from Intermittent to another Flow Regime for R134a during Condensation Investigation 
performed by Coleman (2000) 
D [mm] Frl Transition 
4.91 1.75 Intermittent to Wavy Flow† 
3.00 2.70 Intermittent to Wavy Flow 
3.00 2.70-4.50 Intermittent and Wavy Flow Coexist 
2.00 3.2 Intermittent to Wavy Flow 
2.00 3.2-9 Intermittent and Wavy Flow Coexist 
1.00 3.5 Intermittent to Annular Flow 
1.00 3.5-20 Intermittent and Annular Flow Coexist 
† Wavy flow regime is defined separately for flow description during condensation to distinguish the 
intensity of the waves  
 
The present study used the liquid Froude number to identify the regions where intermittent or annular flow 
regime occurs for the experimental results of void fraction and pressure drop using the 6-port and the 14-port 
microchannel with refrigerants and air-water mixtures. In general, values of liquid Froude number suggested by 
Coleman (2000) agree with the prediction of the flow regions for the experimental data of the 6-port and 14-port 
microchannels using similar diameters from Tables 6.1 and 6.2. The liquid Froude number could be used as a flow 
transition parameter to determine the point or region at which the transit ion from intermittent to annular flow regime 
occurs in small channels. For example, Figure 6.1 shows the prediction of the flow regimes for the 14-port 
micropchannel using R410A and air-water mixtures. 
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Figure 6.1: Comparison between Flow Regions predicted by Coleman (2000) and the Average Kinetic Energy 
Method used for Intermittent Region predictions (Liquid flow rate of 3.2 was used for transition from 
intermittent to annular) 
6.2.2. Fractional Time Function Method 
An alternative method to predict void fraction and pressure drop in multi-port microchannels could include 
the fractional time functions, ft, defined in Chapter 2.  
A physical model can be developed, in which fti will give the number of ports (from the total) in which a 
certain flow configuration, i, occurs. In general, the flow configurations include intermittent, annular, stratified, and 
disperse flow regime and only liquid and only vapor flow. 
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An example of the use of fractional time functions in flow models is shown in Figure 6.2. It is assumed in 
the example that at certain flow conditions (quality and mass flux), only the annular flow and intermittent flow 
regime is observed, and the fractional time functions for this condition are: ftann =2/3, and ftint=1/3. (i.e. 2/3 of the 
tubes are in the annular flow configuration, and the rest of tubes are in intermittent flow configuration). 
 
Figure 6.2: Example of a Flow Model for a multi-port tube 
In general, the total mass flux and the void fraction of the multi-port microchannel can be calculated from 
the continuity equation: 
å= iiGftG  (6.10) 
å= iift aa  (6.11) 
Where G is the total mass flux, a is the total void fraction of the multi-port tube, Gi is the mass flux of the 
flow configuration i in an individual tube, and ai is the void fraction of the flow configuration i. The correspondent 
fractional time function, fti, is a parameter that is assumed to be developed from experimental work.       
For parallel channels where more than one flow configuration exists, the following expression is valid for 
pressure drop: 
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Where i and j are flow regimes and dP/dz is the average pressure gradient in the direction of the flow, z. It 
should be noticed that the pressure gradient (dP/dz)i develops a flow configuration with a mass flux Gi. The mass 
fluxes of each configuration are found by solving simultaneously Equations 6.10 to 6.12. The pressure gradient 
(dP/dz) i is calculated with the corresponding pressure drop model of the flow configuration i, using its 
correspondent mass flux Gi. 
As concluded in Chapter 2, the fractional time functions can be developed as a generalized function for a 
wide range of fluid properties, mass fluxes, and hydraulic diameters. 
6.3. Future Research Needs 
6.3.1. Fractional Time Functions 
Results from the flow visualization studies of Chapter 2 showed that several flow configurations may exist 
in multi-port microchannel tubes at the same time, and flow mapping of the fluid regimes in a multi-port 
microchannel is accomplished by developing functions that describe the fraction of time that a flow configuration is 
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observed in the multi-port channel at a certain flow condition. As shown in Chapter 2, the fractional time functions 
are dependent on fluid properties, quality, and mass flux. The fractional time function is also dependent on hydraulic 
diameter, but the variation of the size of the channels was not investigated in this study. Similar studies are 
recommended to analyze the impact of hydraulic diameter on the fractional time functions in order to develop 
generalized fractional time functions. Development of the functions can be assisted by a computational program for 
recognition of flow regimes in order to avoid subjective observations and the time-consuming exercise of describing 
each channel’s flow configuration.    
6.3.2. Heat Transfer 
As reviewed in Chapter 5, the total pressure drop for two-phase flow in tubes can be expressed in terms of a 
frictional dissipation term, an accelerational head term, and a static term due to gravitation effects. In term of 
pressure gradients, 
gaf dz
dP
dz
dP
dz
dP
dz
dP
÷
ø
ö
ç
è
æ+÷
ø
ö
ç
è
æ+÷
ø
ö
ç
è
æ=  (6.13a) 
ú
û
ù
ê
ë
é
÷÷
ø
ö
çç
è
æ
-
-
+=÷
ø
ö
ç
è
æ
)1(
)1(1 222
arar lva
xx
Adz
d
A
m
dz
dP &
 (6.13b) 
[ ]lv
g
g
dz
dP
raarq )1(sin -+=÷
ø
ö
ç
è
æ
 (6.13c) 
The present study was an experimental investigation of the frictional pressure gradient (dP/dz)f. The 
accelerational and the gravitational gradient were omitted because the experiments were performed under adiabatic 
and horizontal conditions. 
In general, the total pressure drop can be calculated integrating Equation 6.13 through a length of the pipe 
L. Assuming a linear change of quality from xi to xe over a length L in a horizontal pipe, 
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Where the first and the second term of the right hand side is the frictional and the accelerational pressure 
drop, respectively. An estimative of the accelerational pressure drop can be calculated. Table 6.3 and Table 6.4 
shows a comparison between the accelerational and the frictional pressure drop for a quality of 50% at the beginning 
of a microchannel tube under condensation and evaporation using different heat fluxes. The results of Table 6.3 
were calculated using the void fraction relation of Equation 6.4, and the average kinetic energy method for two-
phase pressure drop predictions in a 14-port microchannel (1 m length) using R134a at 10°C. 
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Table 6.3: Comparison between the Accelerational Pressure Drop and the Frictional Pressure Drop of a 14-port 
Microchannel using R134a during Evaporation (Quality at the Entrance, xi=50%, T=10°C) 
Q” 
[kW/m2] 
G 
[kg/s.m2] 
xe 
aPD  
[kPa] 
fPD  
[kPa] P
Pa
D
D
 [%] 
1 100 70% 0.12 6.6 1.8 
1 200 60% 0.22 24.3 0.9 
1 300 57% 0.32 53.1 0.6 
1 400 55% 0.42 93.0 0.5 
2 100 91% 0.26 7.7 3.3 
2 200 71% 0.47 26.5 1.7 
2 300 64% 0.68 56.4 1.2 
2 400 60% 0.88 97.4 0.9 
 
Table 6.4: Comparison between the Accelerational Pressure Drop and the Frictional Pressure Drop of a 14-port 
Microchannel using R134a during Condensation (Quality at the Entrance, xi=50%, T=10°C) 
Q” 
[kW/m2] 
G 
[kg/s.m2] 
xe 
aPD  
[kPa] 
fPD  
[kPa] P
Pa
D
D
 [%] 
-1 100 29% -0.08 4.4 1.9 
-1 200 40% -0.18 19.9 0.9 
-1 300 43% -0.28 46.5 0.6 
-1 400 45% -0.38 84.2 0.6 
-2 100 9% -0.13 3.3 4.0 
-2 200 29% -0.32 17.7 1.9 
-2 300 36% -0.52 43.2 1.2 
-2 400 40% -0.73 79.8 0.9 
 
Table 6.3 and Table 6.4 shows that the accelerational pressure drop is a small contribution of the total 
pressure drop (less than 5%). It is concluded that the accelerational pressure drop caused by condensation and 
evaporation processes in the tube are expected to be small compared with the frictional pressure drop. However, the 
impact of heat transfer in the frictional pressure drop may be important. 
In general, the present study needs to be complemented with an experimental investigation of heat transfer 
in microchannel tubes. The experimental investigation of heat transfer will give the information to calculate the size 
of a heat exchanger for a certain capacity. The experimental analysis of two-phase pressure drop and void fraction, 
in conjunction with the two-phase flow observations can be used to analyze and develop relations for heat transfer 
prediction.  
6.3.3. Refrigerant-Oil Mixtures 
The effect of oil on pressure drop, void fraction, and heat transfer is an interesting topic that should be 
analyzed for a more accurate prediction of the mentioned parameters. This study could be used as a reference for oil-
refrigerant pressure drop and void fraction analysis. 
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Appendix A.  
A.1. Flow Visualization Analysis 
A.1.1. Example of a Fractional Time Function (How to Read and Interpret the Graph): 
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Figure A.1.1: Fractional Time Function of a Flow Pattern i, at a Mass Flux G.  
(The explanation of the graph is found below) 
 
It can be assumed that Figure A.1.4 shows the fractional time function of the flow pattern i, developed with 
the results of the flow visualization analysis performed at a mass flux G, and all range of qualities. At quality of 10% 
and mass flux G, the fractional time function of the flow pattern i is 0.5. It means that 50% of the time the flow 
pattern i is seen in one or more channels of the parallel array. The other 50% percent of the time other flow patterns 
are observed. At the range of qualities from 50% to 90% and mass flux G, the fractional time function is 1 
(maximum value of the fractional time functions). It implies that only the pattern i is observed in all channels in the 
range specified. 
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A.1.2. Comparison of Fractional Time Functions (Number of Pictures): 
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  a)Liquid Flow b)Vapor Flow 
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 c) Intermittent Flow Regime d) Annular Flow Regime 
Figure A.1.2: Comparison of Fractional Time Functions Developed with 20 pictures vs. 15 pictures for R134a.  
Table A.1.2: Maximum Uncertainties for Fractional Time Functions for R134a  
(Comparison between Fractional Time Functions of 20 pictures vs. 15 pictures for R134a) 
MAXIMUM UNCERTAINTIES (R134a) 
G Liquid Vapor Intermittent Annular 
50 14% 3% 5% 14% 
100 0% 17% 6% 2% 
200 6% 10% 14% 10% 
300 0% 3% 14% 4% 
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A.1.3. a. Fractional Time Functions of Flow Patterns (Air-water mixtures): 
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b) Annular Flow Regime  
Figure A.1.3: Fractional Time Functions of Each Flow Pattern (Air-Water mixtures)  
(Annular Mist Flow Pattern is not observed in the range studied) 
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A.1.3. b. Fractional Time Functions of Flow Patterns (R134a): 
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a) Intermittent Flow Pattern 
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b) Annular Flow Regime 
Figure A.1.4: Fractional Time Functions of Each Flow Pattern (R134a)  
(Annular Mist Flow Pattern is not observed in the range studied) 
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A.1.3. c. Fractional Time Functions of Flow Patterns (R410A): 
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Figure A.1.5: Fractional Time Functions of Each Flow Pattern (R410A) 
(Annular Mist Flow Pattern is not observed in the range studied) 
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A.1.4. a. Distribution of Two-phase Flow (R134a, G=50 kg/s.m2): 
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a) Liquid Flow 
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b) Vapor Flow 
Figure A.1.6: Distribution of Two-phase Flow through the Multi-port Microchannel 
Left Hand Side: Screen in the Manifold, Right Hand Side: No Screen in the Manifold 
(G=50 kg/s.m2) 
Figures of Intermittent and Annular Flow Regime are in Figure 2.7. 
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A.1.5. b. Distribution of Two-phase Flow (R134a, G=300 kg/s.m2): 
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a) Liquid Flow 
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b) Vapor Flow 
Figure A.1.7: Distribution of Two-phase Flow through the Multi-port Microchannel 
Left Hand Side: Screen in the Manifold, Right Hand Side: No Screen in the Manifold 
(G=300 kg/s.m2) 
Figures of Intermittent and Annular Flow Regime are in Figure 2.8. 
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A.2. Void Fraction Analysis 
A.2.1 a. Analysis of Void Fraction Correlations: Graham (1998) 
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 c) Air-water d) Predicted vs. Measured 
Figure A.2.1: Comparison of Experimental Results of 14-port Microchannel and Void Fraction Correlation 
Developed by Graham (1998) 
 98 
A.2.1. b. Analysis of Void Fraction Correlations: Smith (1969) 
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 c) Air-water d) Predicted vs. Measured 
Figure A.2.2: Comparison of Experimental Results of 14-port Microchannel and Void Fraction Correlation 
Developed by Smith (1969) 
 
